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Abstract 
This thesis addresses enhancement strategies for increasing the brightness of the 
upconversion nanoparticles to be used in biological samples or for bioanalytical applications. 
Chapter 1 critically reviews the state of the art for enhancement strategies of the 
upconversion luminescence in nanoparticle systems as reported in literature. The 
enhancement strategies are classified in three main directions: a) the improvement of the 
energy absorption of the particles via coupling to plasmonic or photonic structures or via 
attachment of ligands for light harvesting, b) minimizing the non-radiative deactivation by 
varying the architecture of upconversion nanoparticles (UCNPs), and c) the shift of the 
excitation wavelength from 980 nm to 808 nm. Furthermore, current limitations and future 
perspectives of efficient UCNPs for sensing application in biological samples or cells are 
discussed. 
Chapter 2 summarizes the motivation and the aim of the work by four main tasks: a) to get a 
better understanding of the photophysics of lanthanide-doped NaYF4 upconversion 
nanoparticles, b) to search for possibilities to change the spectral properties of UCNPs for 
better sensing abilities, c) to prevent sample heating when exciting UCNPs by NIR light in 
aqueous systems, and d) to investigate the deep tissue penetration, which will be the key for 
future theranostic applications of these probes. 
Chapter 3 presents the enhancement strategy of Tm3+-doped NaYF4 nanoparticles coupled to 
a gold nanotriangle array, in the following named nanoengineered interface. Hot spots of the 
gold assembly generate a local enhancement of the electromagnetic-field, favoring the four-
photon upconversion process at the low-power excitation of approximately 13 W·cm-2. An 
improvement by about six times of the intensity for the emission peaking at 345 nm was 
achieved. Due to this enhancement it was possible to apply the nanoengineered interface in a 
simple intensity-based optical readout for vitamin B12, which is known as marker for the risk 
of cancer; Alzheimer disease; or, during pregnancy for neurological abnormalities in newborn 
babies. In this proof-of-concept study, vitamin B12 was detected in serum down to 
3.0 nmol·L-1 without any sample pretreatment. 
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Chapter 4 focusses on the enhancement of upconversion luminescence by shifting the 
excitation wavelength from classical 980 nm to 808 nm to minimize the absorbance by water 
at the excitation wavelength to avoid sample heating for applications of stem cell 
differentiation into neurons. For this aim the doping-ratio of the sensitizer neodymium 
confined in an active shell was studied. Particles with core – active shell – inert shell 
architecture showed increased emission in the UV. After coating with a mesoporous silica shell 
as a molecular cage was generated, modified by spiropyran, that works as a photo-activatable 
gate, which switches between open and closed form upon stimulating by the UV-emission of 
the UCNPs. An encapsulation of the drug retinoic acid into this advanced multifunctional 
nanoparticle system was used to stimulate the differentiation of pluripotent stem cells into 
neurons in a controlled manner. 
Chapter 5 reports on a systematic study of Nd3+-sensitized UCNPs in comparison to Yb3+-
sensitization in terms of deep tissue penetration. A set of similarly sized Yb3+, Nd3+, Er3+-doped 
core- and core – shell particles of different architecture colloidally stable in water was 
investigates at broadly varied excitation power densities with steady state and time-resolved 
fluorometry for excitation at 980 nm and 808 nm. For the UCNPs performance, the power 
dependent upconversion quantum yield (ΦUC) and its saturation behaviour were used as well 
as a new measure particle brightness (BUC) was introduced. Spectroscopic measurements at 
both excitation wavelengths in water and in a phantom tissue, together with BUC calculations 
suggests that for this particle architecture at relative low excitation power a penetration depth 
of approx. 6 cm is necessary to gain advantage in brightness by 808 nm excitation. 
Chapter 6 discusses the state of the art in UCNPs synthesis under the aspect of getting bright 
luminescent nanoparticles, including the main results of this thesis in terms of applying 
UCNPs in biological samples. Future perspectives in the field are envisioned. 
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Deutsche Zusammenfassung 
Die vorliegende Arbeit beschreibt Strategien zur Verbesserung der Helligkeit von 
aufkonvertierenden Nanopartikel (englisch: upconversion nanoparticles, UCNPs) mit dem 
Ziel diese in biologischen Proben oder für bioanalytische Anwendungen einzusetzen. 
Kapitel 1 bietet eine kritische Übersicht bekannter Strategien zur Verstärkung der 
Lumineszenz aufkonvertierender Nanopartikel an Hand der zu diesem Thema publizierten 
Arbeiten. Es werden drei Prinzipien unterschieden: a) verbesserte Energieaufnahme der 
Partikel durch Kopplung mit plasmonischen oder photonischen Strukturen, sowie der 
Funktionalisierung mit Farbstoffen die als Lichtsammler dienen, b) Minimierung von 
Prozessen zur strahlungslosen Deaktivierung angeregter Zustände durch gezielte 
Veränderung der Partikelarchitektur, und c) Verschiebung der klassischen Anregung bei 
980 nm zu niedrigerer Wellenlänge (808 nm). Zudem werden Limitierungen dieser Konzepte, 
sowie mögliche zukünftige Entwicklungen zur Erzeugung von effizienten UCNPs, 
insbesondere für die Anwendung in der Sensorik und für biologische Proben und Zellen, 
vorgestellt. 
Kapitel 2 stellt die Motivation und die Ziele der Arbeit, gegliedert in vier Punkte, zusammen: 
a) die systematische Untersuchung photophysikalischer Fragestellungen in lanthanoid-
dotierter NaYF4 Nanopartikeln, b) die Modulation der spektralen Eigenschaften von UCNPs 
hinsichtlich dem Ziel eine sensorischen Anwendung unter Ausnutzung effizienter 
Aufkonvertierung von Nahinfrarotlicht in UV-Strahlung zu ermöglichen, c) die Aufheizung 
wässriger Proben als Folge der nahinfrarot Anregung von aufkonvertierenden Nanopartikel zu 
minimieren, und d) eine für theranostische Anwendungen entscheidende hohe Eindringtiefe 
ins Gewebe mittels maßgeschneiderten UCNPs, anregbar bei zwei verschiedenen 
Wellenlängen, zu erzielen. 
Kapitel 3 beschreibt eine Verstärkungsstrategie der UV-Lumineszenz von Tm3+-dotierten 
NaYF4 Nanopartikel durch deren Kopplung an eine nanostrukturierte Goldoberfläche. Die 
Gold-Nanostrukturen generieren dabei lokale Zonen mit verstärktem elektromagnetischem 
Feld, welches den sonst nur äußerst schwach ausgeprägten vier-Photonen-
Aufkonvertierungs-Prozess bei niedriger Laseranregungsleistung bevorzugt und zu einer bis 
zu 6-fachen Verstärkung der Emission bei 345 nm führt. Hiermit ist es erstmals gelungen einen 
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einfachen intensitäts-basierten optischen Sensor für Vitamin B12 mit hoher Nachweisgrenze 
zu realisieren. Vitamin B12, bekannt als Marker für Krebsrisiko, Alzheimer Erkrankungen oder 
während einer Schwangerschaft auftretenden neurologische Anomalien von Neugeborenen, 
konnte im Serum im physiologisch relevanten Konzentrationsbereich mit einer 
Nachweisgrenze von 3.0 nmol·L-1 ohne Probenvorbereitung detektiert werden. 
Kapitel 4 befasst sich mit dem Design und der Realisierung von Kern-Hülle UCNPs zur 
Anregung bei 808 nm, mit dem Ziel, die ungewollte Begleiterscheinung der Probenaufheizung 
durch die relativ hohe Absorbanz von Wasser bei 980 nm zu minimieren. Hierfür wurden 
verschiedene Dotierungsverhältnisse von Neodym und Ytterbium in der Partikelhülle 
untersucht. Eine zusätzliche inerte Hülle ergab eine Partikelarchitektur, die in Wasser ohne 
die Probe zu erwärmen, eine außergewöhnlich helle und zudem eine verstärkte Emission im 
UV-Bereich zeigt. Der praktische Nutzen dieser Partikel wurde durch eine Anwendung in der 
Stammzellen Differenzierung in Neuronen demonstriert. Mittels nahinfrarot-Anregung 
gelang es durch Aufkonvertierung UV-Licht lokal für eine gezielte, photoinduzierte 
Freisetzung eines in einer mesoporösen Silkathülle eingeschlossenen Wirkstoffs zu nutzen 
und so die kontrollierte Differenzierung von pluripotenten Stammzellen in Neuronen zu 
stimulieren. 
Kapitel 5 beschreibt die systematische Studie von Nd3+-dotierten UCNPs im Vergleich zu 
Yb3+ Anregung, in Bezug auf eine hohe Eindringtiefe ins Gewebe. Eine Zusammenstellung von 
identisch großen (Yb3+,Nd3+,Er3+)-dotierten Kern-Hülle Partikeln mit verschiedenen 
Architekturen, wurde über einen großen Anregungsdichtebereich für Anregung bei 980 nm 
und 808 nm fluoreszenzspektroskopisch untersucht. Erstmals wurden die 
leistungsabhängigen Quantenausbeuten Nd-dotierter UCNPs in Wasser bestimmt und zur 
besseren Vergleichbarkeit von UCNPs mit unterschiedlicher Anregungswellenlänge die 
Partikel-Helligkeit als neues Maß definiert. Die spektroskopischen Daten für beide 
Anregungswellenlängen in Wasser und Phantom-Gewebe, zusammen mit der Berechnung der 
Partikel Helligkeit ergeben, dass für multi-dotierte UCNPs mit Kern-Hülle Architektur ab einer 
Eindringtiefe von ungefähr 6 cm die 808 nm gegenüber der 980 nm Anregung bei relativ 
schwacher Laser Leistung zur effizienteren Aufkonvertierung führt. 
Kapitel 6 diskutiert die wichtigsten Ergebnisse und Erkenntnisse, welcher in dieser Arbeit 
erlangt wurden unter Einbeziehung des Stands der Technik zur Verbesserung der 
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Lumineszenzeigenschaften von UCNPs, um diese in biologischen Proben erfolgreich 
anwenden zu können. Zudem werden mögliche zukünftige Entwicklungen in diesem 
Forschungsgebiet beleuchtet. 
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  Strategies for the Design of Bright Upconversion 
Nanoparticles for Sensing Applications 
1.1 Abstract 
In recent years upconversion nanoparticles (UCNPs) received great attention because of their 
outstanding optical properties. Especially in bioanalytical applications this class of materials 
can overcome limitations of common probes, like high background fluorescence or blinking. 
Nevertheless, the requirements for UCNPs to be applicable in biological samples, e.g. small 
size, water-dispersibility, excitation at low power density are in contradiction with the demand 
of high brightness. Therefore, a lot of attention is payed to the enhancement of the 
upconversion luminescence. This review discusses the recent trends and strategies to boost 
the brightness of UCNPs, classified in three main directions: a) improving the efficiency of 
energy absorption by the sensitizer via coupling to plasmonic or photonic structures or via 
attachment of ligands for light harvesting; b) minimizing non-radiative deactivation by 
variations in the architecture of UCNPs; and c) changing the excitation wavelength to get 
bright particles at low excitation power density for applications in aqueous systems. These 
strategies are critically reviewed including current limitations as well as future perspectives for 
the design of efficient UCNPs especially for sensing application in biological samples or cells. 
This chapter has been published. 
Lisa Marie Wiesholler, Thomas Hirsch. Optical Materials, 2018, 80, 253-64. 
Author contributions: This review article was published after peer reviewing. The authors 
have been invited to make this contribution. The literature survey was performed by LMW. 
The concept and structure of the manuscript was planned together with TH. LMW wrote the 
manuscript. TH revised the manuscript and is corresponding author. The schemes presented 
in Figures 1.2 and 1.14 are taken from the master’s thesis of the author. 
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1.2 Introduction 
Upconversion nanoparticles became very popular in recent years. The number of publications 
almost doubled in the last five years and exceed more than 25,000 paper in 2017 (Fig. 1.1). 
These fascinating class of luminescent nanomaterials with its unique properties to convert low 
energy excitation light in high energy emitting photons attracted research from many 
directions such as for chemistry, photophysics, biology and medicine. Applications ranging 
from bio(sensors) to photovoltaic applications, from bioimaging to theranostic applications 
[1-5]. 
 
Figure 1.1Number of publications on the topic “upconversion nanoparticle” from the year 2000 to 2017 indexed in Web of Science. 
Photon upconverting nanomaterials are characterized by many remarkable properties 
especially for biological applications like narrow emission bands, high chemical stability, 
minimized auto-fluorescence, deep tissue penetration and low toxicity [6-9]. Therefore, 
UCNPs have become an attractive alternative to organic fluorophores and quantum dots in 
(bio)sensors [1,2]. 
The upconversion phenomenon, leading to the emission of light at a shorter wavelength 
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Stokes emission and is triggered in UCNPs by a sequential absorption of photons. In order to 
observe upconversion luminescence, a crystalline host material needs to be doped by two 
types of lanthanide ions as dopants (one type acting as sensitizer, the other one as activator). 
For high upconversion efficiency host materials of low lattice phonon energy, such as β-NaYF4 
are favored [11,12]. Such nanocrystals doped with 20% ytterbium and 2% erbium represent 
the most frequently used UCNPs in literature [13]. The sensitizer ions Yb3+ are excited by a 
continuous wave (cw) laser at a wavelength of 980 nm and the Er3+ activator ions show 
predominately green and red emissions. Other possible activator ions are thulium (blue and 
near infrared emissions) [14] or holmium (blue and green emissions) [15]. The mechanism, 
design, synthesis, chemical modification as well as the applications of upconversion 
nanoparticles have been described in excellent reviews recently and will not be discussed in 
detail here [4,16-21]. The efficiency of the upconversion process, especially nanoparticles 
dispersions, is rather low and is affected by several parameters such as size [8], the type of host 
material [22], crystal phase [23], composition of lanthanide ions [24], surface chemistry and 
solvents [21,25]. For the design of effective upconversion materials for bioanalytical 
applications one has to fulfil certain demands which are in contradiction to high upconversion 
efficiency as illustrated in Figure 1.2. 
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Figure 1.2Contradicting parameters to achieve high upconversion efficiency (green) and requirements for using UCNPs in 
bioanalytical applications (pink). Adapted from the authors master´s thesis. 
The efficiency of the upconversion luminescence depends – as a non-linear photo-physical 
process – on the power density of the excitation light [26]. Nevertheless, the irradiation power 
density of the near-infrared light needs to be lower than 4 W·cm-2 [27] to prevent tissue and 
cell damages. It is also well known, that the efficiency of UCNPs increases with the diameter 
of the particles. Particles applied in diagnostics, need to be completely discarded from the 
body after examination. The body distribution and metabolism of UCNPs revealed the 
excretion of about 20 nm sized particles previously introduced into lymph [28]. Therefore, 
small particles with high brightness at low excitation power density are highly desired. So far, 
various approaches have been tried to design UCNPs for bioanalytical applications with 
enhanced luminescence properties. The strategies can be divided in three main routes: a) 
coupling of UCNPs to materials boosting the luminescence by light harvesting, photonic or 
plasmonic effects; b) optimization of the particle architecture by minimizing non-radiative 
decay; c) shift of the excitation wavelength to overcome the water absorbance overlapping 
with the classical 980 nm excitation (Fig. 1.3). In the following recent advances regarding these 
strategies are critically reviewed for the design of efficient UCNPs especially for sensing 
application in biological samples or cells. 
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Figure 1.3Three main strategies to enhance the upconversion luminescence: a) improve the efficiency of energy absorption by the 
sensitizer via coupling to plasmonic or photonic structures or to attach ligands for light harvesting; b) minimizing non-radiative 
deactivation by changing the architecture of UCNPs; and c) changing the excitation wavelength to get bright particles at low 
excitation power density for applications in aqueous systems. 
1.3 Enhancement Strategies of the Upconversion 
Luminescence 
The poor quantum efficiency of UCNPs can be attributes to a low absorption coefficient of 
the sensitizer Yb3+ (∼ 10 M-1·cm-1) [29]. Several strategies have been investigated to enhance 
the upconversion luminescence. By a closer look to the spectral properties of Yb3+,Er3+-doped 
UCNPs one can see a large gap between the absorption and anti-stokes emission spectra 
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(Fig. 1.4). This spectral range can be used for enhancing the upconversion efficiency by light 
harvesting via antenna molecules, plasmonic or photonic features, which will be reviewed in 
the following in detail. 
 
Figure 1.4Spectral properties of NaYF4:Yb,Er. The absorbance of Yb3+ is shown in grey, the anti-stokes emission of Er3+ is displayed 
in green. The blue line symbolizes the typical laser irradiation at 980 nm. In purple one can see the large gap between excitation and 
emission which can be utilized by several techniques to enhance the weak absorbance of the Yb3+ ions. 
1.3.1 Antenna Coupling 
One of the first approaches to enhance the luminescence properties of UCNPs was described 
by attaching light harvesting molecules on the particle surface [30-35]. This dye-sensitizing 
concept increased the upconversion luminescence because of the comparable large 
absorption cross-section (typically in the range of 10-14 cm! [30]) and the broad absorption 
range of organic dye molecules (700 - 900 nm). The emission of these dyes is in the range of 
750 – 1150 nm. Coupling the dye IR-806 to NaYF4:Yb,Er particles (16 nm) enhances the 
efficiency about 3,300 times by using a 2 mW calibrated wavelength-tunable continuous wave 
laser [35]. A promising approach for anti-counterfeiting or security applications is reported by 
using dye modified NaYF4:Yb,Er particles of 20 nm size. A series of particles modified with 
different near-infrared (NIR) dyes (IR-783, IR-820, IR-808, IR-845) via surface ligand exchange 
were blended in poly(methyl methacrylate) (PMMA) and used as inks for printing 
applications. When such printings will be illuminated by different wavelengths only those 
parts of the image printed by dye modified particles excitable at this wavelength show the 
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green emission [32]. Unfortunately, such strategies have not been established for bioanalytical 
applications so far. Reasons might be found in the limited photostability of NIR dyes and the 
poor colloidal stability of dye-modified particles in aqueous solutions [36,37]. Nevertheless, 
for the design of lateral flow assays such concepts seem to be promising in reaching lower 
limits of detection, broadening of the dynamic range or making the readout simpler by 
decreasing the power of the illumination source. 
1.3.2 Plasmonic and Photonic Engineering for Enhanced Upconversion 
Luminescence 
Plasmonic metallic structures [38,39] or photonic dielectric structures can increase the 
absorption of lanthanide-doped NaYF4. Especially dielectric plasmonic structures seems to be 
advantageous as they do not suffer from parasitic absorption [40]. In the following examples 
are shown for strategies including the coupling of UCNPs to a) metals (surface attached as 
well as core/shell architecture) and b) photonic crystals (PCs), fabricated as an artificial 
periodic pattern of materials with different permittivity, as depicted in Figure 1.5. 
 
Figure 1.5Upconversion luminescence can be enhanced by coupling of UCNPs (green spheres in the left, blue spheres in the right) 
to photonic crystals or metallic plasmonic structures. For the latter approach, propagating surface plasmons on a continuous metal 
film or localized surface plasmons of either individual gold particles (yellow spheres) or nanostructured metal films can be exploited. 
 Surface Plasmon Coupling 
Metallic nanomaterials, known as effective light-trapping components, can be coupled with 
UCNPs to boost the efficiency of the energy conversion processes. The electric field of the 
surface plasmons, which propagate along the metallic surface lead to an increase of the 
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upconversion luminescence [41]. Parameters which have the largest impact on this 
enhancement strategy are the geometry of the surface plasmon generating nanostructure and 
the dielectric property of the surrounding media [42]. 
The attachment of UCNPs directly to a noble metal surface has been utilized for enhancing 
the upconversion luminescence efficiency by taking benefit of the surface plasmons, excited 
at the metal surface interacting with the UCNPs. Stanley May et al. reported on a gold surface 
modified by a thin PMMA film with NaYF4:Yb,Er nanocrystals (NCs) embedded in a 
monolayer assembly. Here the green and red emission were enhanced by similar factors of 
about three, explained by the intensification of the excitation by 980 nm. This is especially 
useful for low power excitation, as it was found that an increase of the excitation power from 
3 mW to 24 mW results in a lower enhancement [43]. When using discontinuous gold islands 
of 20 nm instead of a continuous gold film, enhancements of even up to 12 times have been 
reported [44]. The difference in the brightness is ascribed to localized surface plasmons in the 
cavity of the periodic structure of the substrate. A change in the relative emission intensities 
at certain wavelengths is described [44]. Also, nanostructures with other geometries have 
been reported in literature: Hole arrays, pillar arrays, or waveguides [39]. Kagan et al. 
fabricated a 30 nm thin gold film structured by an array of holes with diameters of 110 nm 
(Fig. 1.6). NaYF4:Yb,Er particles of 70 nm diameter were chosen to fill every hole with only one 
particle by a squeegee process. The upconversion luminescence intensity measured at 543 nm 
revealed an enhancement of 35 times for such nanostructured supports consisting of a thin 
gold film compared to identical nanostructures consisting of glass only [45]. 
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Figure 1.6Scheme of the squeegee method used to fill the nanohole array with UCNPs (a) and SEM images (scale bar: 500 nm) of 
the particle filled nanohole array (b). Transmission spectra of the filled nanohole arrays based on experimental measurements (solid 
red) and the theoretical simulation results (dashed red) with respect to the transmission from a 30 nm layer of Au deposited on a glass 
substrate. Upconversion luminescence spectra of NaYF4:Yb,Er UCNPs in a glass nanohole array (blue line) and in Au nanohole array 
(red line) under 980 nm excitation. Picture adapted with permission from Ref [45] © 2016 American Chemical Society. 
Smith and May investigated a gold nanopillar system with NaYF4:Yb,Tm particles embedded 
in PMMA. At optimized geometry of the metallic nanostructures and at ideal proximity of the 
UCNPs to the metallic surface an upconversion enhancement of five times compared to a 
continues gold film was found. This effect is attributed to the collective modes of the 
nanopillar array which enhances the near-infrared absorption and simultaneously exploits the 
localized surface plasmons generated from the individual pillars [38]. For the design of such 
nanostructured substrates it is important to excite a surface plasmon mode at 980 nm. Park et 
al. achieved a surface plasmon mode at 980 nm by a silver nanograting layer and the deposition 
of the three monolayers of the UCNPs on a 30 nm thick spacer of Si3N4. Compared to a flat 
metal film a 16"	and 39" enhancement in the green and red peak intensities was obtained [46]. 
A three-layer structure containing plasmonic Cu2#xS NCs layer, a MoO3 spacer on top a layer 
of NaYF4:Yb,Er nanoparticles was fabricated by Song et al. to study the upconversion 
enhancement. The energy matching of the band gap of Cu2#xS and the green emission of the 
UCNPs leads to stronger green than red emission at an excitation power density of 
123 W·cm-2 with an enhancement factor of almost 100 [47]. Moreover, in most of the 
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to the excitation power density was investigated. Nearly all results demonstrate the highest 
enhancement by using significant low excitation power densities like 70 mW·cm-2 [38,43-45]. 
By high laser power (e.g. 10 kW·cm-2) a saturation of the excited states takes place and non-
radiative decay is encouraged [44,46]. Even when those approaches demonstrate an 
enhancement of the upconversion luminescence by using nano-engineered surfaces, the 
fabrication of those substrates is often time consuming or expensive equipment is needed, 
which clearly limits their application so far. Up to now there are no reports of the usage of such 
systems in sensing applications. Nevertheless, for the design of chip-based sensing 
applications the approach of coupling UCNPs to metal surfaces seems to be promising, 
especially when the fabrication can be performed by printing technologies. 
The enhancement of the upconversion luminescence by direct coupling of UCNPs to 
nanoparticles consisting of noble metals has also been studied, as such an approach will be 
easily adaptable for liquid-based assays performed in cuvettes or micro-titer plates. First 
reports explained the enhancement process by a more efficient population of the energy states 
by a local field enhancement [48,49]. Duan et al. synthesized NaYF4:Yb,Tm particles of 
180 nm size. For the attachment of negatively charged gold nanoparticles of 5 nm the UCNPs 
were modified with poly(acrylic acid) via ligand exchange and then an additional layer of 
poly(allylamine hydrochloride) was grown on the surface to render the surface of the particles 
positively charged. By introducing additional gold precursors together with reducing agents 
into the solution with the UCNPs, a continuous shell of Au of 7 nm thickness was formed on 
the UCNP surface. First, during the seeding steps of the 5 nm sized gold particles, the emission 
intensity at 452 nm of the UCNPs was doubled while the formation of a continuous shell of 
Au on the nanoparticles resulted in four times decreased emission intensity due to scattering 
effects [48]. NaYF4:Yb,Er nanoflowers (UCNFs) decorated with Au particles have been 
utilized for selective 2,4,6-trinitrotoluene TNT detection (Fig. 1.7). In presence of TNT the 
distance of the gold nanoparticles to the UCNFs gets minimized, accompanied by an 
enhancement of the upconversion luminescence. UCNFs (106 – 142 nm) with negatively 
charged surfaces were fabricated through encapsulating of hydrophobic NaYF4 UCNPs with 
oleylamine functionalized polysuccinimide. The positively charged gold NPs coated with 
cysteine were attached onto the negatively charged UCNFs via electrostatic interactions, 
while the luminescence of nanoflowers is enhanced by the plasmon resonance properties of 
the gold nanoparticles. TNT can bind to the amino groups and cause the aggregation which 
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influences the luminescence spectra in respect to the analyte concentration by enhanced 
green and red emission [50]. 
 
Figure 1.7Illustration of TNT sensing based on the interaction among the NaYF4 nanoflowers, gold nanoparticles (NPs) and TNT. 
With the addition of gold particles and TNT, the upconversion luminescence gets enhanced (a). The upconversion emission spectra 
of the mixture of NaYF4  UCNFs (0.1 mg mL-1) and gold NPs (38 mg mL-1) in the presence of various concentrations of TNT are 
shown in (b). The inset displays the calibration plot of upconversion emission intensity versus the nitroaromatic concentrations. 
Picture adapted with permission from Ref [50] ©2013, Royal Society of Chemistry. 
Beside gold, also silver nanoparticles can promote the upconversion luminescence by utilizing 
plasmonic effects. The brightness of NaYF4:Yb,Er particles modified with 100 nm sized Ag 
particles was doubled, whereas smaller Ag particles lead to a quenching of the upconversion 
luminescence [51]. In order to obtain an enhancement of the upconversion luminescence 
metal particle size and the geometry have to be carefully adjusted to optimize the spectral 
overlap of the localized surface plasmon resonance (LSPR) with the absorption or rather 
emission of the UCNPs. Other geometries of noble metal nanostructures described for 
luminescence enhancement are nanowires [52] or nanorods [53]. UCNPs decorated with gold 
nanorods of 90 nm and under a NIR pumping power of 2 W result in an enhancement up to 
27-fold of the 800 nm emission. These particle assemblies were used in a simple dual-mode 
(UV-vis and fluorescence) optical based sensor for the sensitive and selective detection of uric 
acid [53]. Using Ag nanowires which have a broader extinction coefficient compared to gold 
also lead to a 2.3" increased green or 3.7" higher red emission intensity [52]. Beside the 
dimensions of UCNP and noble metal nanomaterials, the choice of the distance between both 
nanomaterials is very critical. A distance of 10 nm between Ag particles and the UCNPs is 
found to result in the largest enhancement (14.4-fold for 543 nm and 12.5-fold for 656 nm) 
[54]. The distance dependency was studied for systems consisting of spin-casted layers of Ag 
or Au particles and a monolayer of UCNPs separated by an Al2O3 layer of varying thicknesses 
ranging from 2 to 15 nm. For the Au particles a layer Al2O3 thickness of 5 nm is favored while 
a) b)
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by using Ag particles the thickness should be 10 nm [55]. For 110 nm thick gold nanorods a 
spacer of 8 nm thickness revealed the best enhancement of about 10-fold for the green 
emission [56]. These studies clearly indicate the potential of luminescence enhancement but 
so far these strategies suffer from experimental difficulties in fabricating not only 
monodisperse UCNPs but also noble metal nanostructures of defined size and geometry with 
a nanometer precise distance between both materials. 
 Photonic Crystal Engineering 
Photonic crystals (PCs), fabricated as a three-dimensional packed periodic alignment of 
materials with different permittivity, can be used as a substrate to enhance the upconversion 
luminescence of coupled UCNPs. Such crystals are known to modulate the emission 
wavelength, direction, and intensity of light [57,58]. Several concepts of photonic crystals 
used in sensing application have been reviewed by Fenzl et al. [59]. Upconversion emissions 
can be modulated within and on top of the photonic crystals. Upon deposition of UCNPs on 
the surface of photonic crystals a significant enhanced luminescence can be stimulated by the 
Bragg reflection of photonic band gap effects. In contrast, the spontaneous emission of 
lanthanide ions within the photonic crystals can be affected regarding the photonic band gap 
which can be tuned to meet distinct radiative transitions of the respective lanthanide ion [60]. 
An enhancement factor of 32 of the overall upconversion luminescence was reported by 
coupling 20 nm big NaYF4:Yb,Tm nanoparticles to a three-dimensional PMMA opal photonic 
crystal (OPC) with a lattice constant of 320 nm, upon low power excitation at 980 nm using a 
5 mW laser diode [61]. The enhanced brightness of UCNPs were applied for cellular imaging 
using the PMMA OPC as reflection substrates. The feasibility in sensing was demonstrated by 
Sai et al. by an application of a composite film of NaYF4:Yb,Er / TiO2 inverse opal in the energy 
transfer-based detection of Hg2+ in serum with a remarkable low limit of detection of 
70.5 nmol·L-1 [62]. A strong relation of the particle size and the excitation power density but 
not to any variation in the inverse opal photonic crystal was found. Enhancement factors of 32 
are found for the upconversion luminescence of 6 nm sized NaYF4:Yb,Er particles excited at 
980 nm with a power density of 0.03 W·mm-2. The enhancement factors increase for smaller 
particles and lower excitation power densities. Other opals used for luminescence 
enhancement of NaYF4:Yb,Er nanoparticles were made from LaPO4 [63], a material which can 
also be directly doped by Yb3+ and Tm3+ as shown by Ghosh et al. [64] and might offer the 
possibility of spontaneous upconversion emission. A notable increase in the luminescence 
intensity for large UCNPs of 65 to 80 nm diameters doped with Er3+ or Tm3+ as activator ions 
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was also reported when deposited on opals of different band gaps [65]. The authors ascribed 
the enhancement to the coupling between the upconversion emission light and surface states 
due to the efficient and selective Bragg reflection of the photonic crystal. Gold or silver 
nanoparticles embedded in inverse opals of SiO2 have been used as substrates for ~8 nm big 
α-NaYF4:Yb,Er nanoparticles. A luminescence enhancement of ~10 for gold and ~6 for silver 
was explained by the combination of the photonic band gap by the plasmon absorption of the 
metal nanoparticles [66,67]. Nevertheless, information on the excitation power density was 
not provided. Depending on the engineering of the Au modified inverse opals by using 
differently sized polystyrene templates, the enhancement of the green or the red emission of 
the UCNPs can be tuned independently [66]. By assembling a hybrid structure of Er-doped 
UCNPs upon silver nanoparticles attached to the surface of a polystyrene PC an enhancement 
of the upconversion luminescence of ~10" is reported [68]. For even more enhancement, the 
shape of the metal particles can be changed. Here gold nanorods were implanted into the 
periodic structure of three-dimensional PMMA OPC and the NaYF4:Yb,Er particles were 
assembled on the surface leading to a 1200-fold enhancement by the combination of photonic 
effects together with surface plasmon resonance [69]. 
Bringing the UCNPs in direct contact to a noble metal, does not result in a significant 
enhancement as non-radiative transitions from UCNPs to the metal is expected. This can be 
suppressed by an additional dielectric layer between the metal and the particle as shown by 
Wang et al. [70]. They used Ta2O5 as spacer because of the high refractive index of 2.1 which 
closely matches the refractive index of NaYF4 of 1.95. An overall upconversion intensity of the 
Er3+ emission was 145-fold enhanced by excitation at 980 nm with a power density of 
73 W·cm-2. It is reported that this complex hybrid system can easily be assembled on flexible 
substrates by inkjet printing and therefore this method might become of importance for future 
bioanalytical applications. Hu et al. have developed a biochip-based application for bare eye 
detection of mRNA in patient samples for early diagnosis of cancer, presented in Figure 1.8 
[71]. 
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Figure 1.8(a) Photograph of the PC-based substrate. (b) Scanning electron microscope image of the PC dots. (c) Transmission 
electron microscopy image of the Er-doped UCNPs. Luminescence photographs of the Er-doped UCNPs using 980 nm (d) and 
808 nm (e) illumination of an aqueous dispersion of the UCNPs with an excitation power density of 1.00 W·cm-2. (f) Optical pathway 
diagrams of the upconversion emitted light when Er-doped UCNPs are deposited on the substrate without (left) and with (right) PCs 
under NIR excitation. (g) Upconversion luminescence (UCL) spectra of the Er-doped UCNPs on the substrate with and without PCs. 
Picture adapted with permission from Ref [71] ©2017 The Royal Society of Chemistry (RSC). 
High sensitivity was achieved by the enhanced upconversion luminescence arisen from the 
combination of a photonic crystal functionalized with dual-wavelength excitable UCNPs. The 
photonic crystal was assembled from monodisperse polystyrene spheres (215 nm in size) and 
core–shell β-NaYF4:Yb,Er@NaYF4:Yb@NaNdF4:Yb@NaYF4:Yb (diameter of ~60 nm). 
Excitation at 808 nm with a power density of 0.50 W·cm-2 enhances the luminescence 
intensity recorded at 544 nm more than 300 times. By such an enhancement it was possible to 
design a Förster resonance energy transfer (FRET)-based diagnosis tool suitable for 
smartphone camera read out at low excitation power. Niu et al. reports a 30" increased 
upconversion intensity due to the enhanced absorption by coupling opal photonic crystals 
with 40 nm sized UCNPs doped with Tm3+ or Er3+. The layer of nanoparticles is densely packed 
on the surface of the PC assembled from polystyrene and has been excited with a power 
density of 4 W·cm-2 [72]. A change in the refractive index of the photonic crystal provides an 
additional option to enhance the upconversion efficiency. This was shown by Su et al. when 
comparing PCs of polystyrene or SiO2 spheres with relatively low refractive indices (< 1.6) to a 
PC made of CdS (with a bulk refractive index of 2.51) [73]. For NaYF4:Yb,Er particles 
assembled in a composite CdS PC film, the upconversion characteristics changed: The 
luminescence lifetimes get significantly shortened and red emission gets enhanced. These 
effects are explained by a redistribution of the density of optical states by the large refractive 
a) b) c) d) e)
f) g)
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index of the PC. The group of Goldschmidt studied one-dimensional photonic crystals based 
on Bragg stacks consisting of alternating layers of PMMA containing β-NaYF4:Er 
nanoparticles and TiO2. In a theoretically optimized assembly upconversion luminescence 
enhancement factors of up to 480 can be reached at 100 W·cm-2. Such a strong enhancement 
can be achieved because of the modulation of the local density of photon states, while 
unwanted spontaneous emission processes can be suppressed [74]. The biggest enhancement 
so far has been reported by Lin et al. as a 104-fold enhancement of the upconversion emissions 
at 450, 480 and 650 nm by embedding NaYF4:Yb,Tm nanocrystals in PMMA resonant 
waveguide grating via excitation at 976 nm with a power density of 66 W·cm-2 [75]. This 
tremendous enhancement is attributed to coupling both, excitation and upconversion 
emission. For sensing applications, still it is very difficult to transfer UCNPs in a well-ordered 
assembly on a solid-phase. Even if in literature many examples are shown bioanalytical 
applications of this concept are only sparsely demonstrated. Establishing suitable surface 
modification protocols for the particles would help to overcome this limitation [61,65]. 
1.3.3 Concepts for Reduced Non-Radiative Decay 
Except the enhancement strategies which are still in its infancy, and therefore not so popular 
in bioanalytical and sensor applications yet, a lot of research was attributed on another 
possibility to enhance the brightness, by optimizing the particle architecture and the interface 
between particle and surrounding by minimizing the non-radiative deactivation of the excited 
states of Ln3+ ions in UCNPs. Strategies in modifying the particle architecture for getting 
brighter upconversion luminescence are a) symmetry changing of the crystal lattice with the 
consequence of higher energy transfers rates of the dopants in the crystal lattice; b) variations 
of the doping ratio, taking into account that for small particles < 50 nm surface-to-volume 
effects become more important, c) surface passivation preventing the non-radiative decay due 
to surface defects, ligands or solvent molecules, and d) energy migration by core – shell 
architecture promoting the energy transfer towards the core of the particle (Fig. 1.9) [16]. 
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Figure 1.9Schemes for the various concepts to reduce non-radiative decay by changing the architecture of the upconversion 
nanoparticle. A3+demonstrate the activator ions, in green the Er3+-ions and in blue the Tm3+-ions. 
 Lattice Manipulation 
The most promising improvement by host lattice manipulation can be realized by replacing the 
Na+ ions of the host material by Li+ or K+, in order to optimize the distance between the 
lanthanide ions within the crystal. It is established that the upconversion emission of rare earth 
ions doped material is dependent of the 4f-transition probabilities, which are significantly 
affected by the local crystal field symmetry of the rare earth ions [18]. An exchange of ions can 
result in a less symmetric crystal lattice, with a distortion of the local field symmetry and lower 
energy transitions [76]. In total an enhanced luminescence intensity is expected. A significant 
luminescence enhancement was found by partially replacing the sodium ions in NaYF4 crystal 
lattice (ionic radii: 0.97 Å) by smaller lithium ions (0.68 Å). As a consequence, Li+ 
incorporation slightly shrinks the size of the unit cell in the crystal, influencing the 
luminescence properties [77]. Selective enhancement of the green emission was observed. 
Nevertheless, by a 60% amount of lithium ions a change from the hexagonal phase to the cubic 
one occurs, which shows lower upconversion efficiency. By increasing the lithium 
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concentration to 80% the crystal lattice changes again to the tetragonal LiYF4 phase [78]. 
Zhang et al. report on NaYF4:Yb,Tm with lithium doping of 7%, which enhances the 
luminescence intensity five to eight times. By increasing the doping ratio of Li+ to 15% the 
luminescence intensity decreased [79]. In 2009, Nann and Wang described a luminescence 
enhancement of 30 times by co-doping the NaYF4 host lattice with 80% lithium ions, which 
was achieved by a microwave-assisted synthesis during the heating process according to the 
La Mer-mechanism [80]. The X-ray powder diffraction (XRD)-measurements of the particles 
doped with 80% lithium ions confirmed the tetragonal phase [81]. Moreover, also the opposite 
case was studied by doping of NaYF4 with an alkali ion with larger ionic radius. An exchange 
of up to 60% of sodium ions by potassium ions favors the hexagonal crystal lattice. Higher K+-
content leads to the formation of K2NaYF6, which lacks the stability of the hexagonal phase. 
Regarding to the luminescence intensity only a change in the red-to-green-ratio was observed, 
but no significant enhancement of the luminescence properties was found [78]. Oher dopants 
investigated so far are Ca2+, Sr2+, or Ba2+. A cubic phase was reported for high content 
(20 mol%) of M2+. A 15 times higher emission (475 nm and 795 nm) by using Tm3+ as activator 
in 5 nm sized particles was obtained [82]. Wang et al. studied the influence of strontium 
respectively calcium doping ratio in dependence of the crystal growth. Sr2+ or Ca2+ dopants 
can significantly modify the crystal phase and the particle size of NaYF4:Yb,Er [83]. In 2017, 
Dionne et al. reported the exchange of Y3+ by the larger Gd3+ and the smaller Lu3+ ions. Identical 
particle morphology and similar unit cells were confirmed by Transmission electron 
microscopy (TEM), XRD and inductively coupled plasma optical emission spectrometer (ICP-
OES). In summary, a 1.6" enhancement of the upconversion quantum yield was achieved by 
local symmetry distortion [84]. The enhancement strategy of crystal lattice manipulation is still 
very promising, nevertheless for practical bioanalytical applications it is mandatory to 
investigate the stability of such nanocrystals in aqueous systems. Recently several publications 
report on the leaching of ions in the presence of phosphate buffered solutions which will have 
massive impact on the brightness as well as on the toxicity of UCNPs [85]. 
 Doping Ratio 
To design bright particles, an effective energy transfer from the sensitizer to the activator must 
be ensured. The efficiency of the energy transfer can be controlled by parameters like the 
combination of the dopants, the distance and therefore the concentration between the 
sensitizer and activator ions [86]. In 2003, Krämer et al. optimized the doping ratio for the bulk 
phase of NaYF4:Yb,Er and NaYF4:Yb,Tm to 18:2 for Yb:Er and 25:0.3 Yb:Tm [14]. Many 
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research groups adapted these doping ratios for the design of bio(analytical) application of 
UCNPs [87-89], neglecting the fact that for small nanoparticles the increased surface-to-
volume-ratio gets more prominent. Especially for particles in the size-regime of 10 to 50 nm 
different doping ratios [90] together with variations in the excitation power [91] affects the 
brightness of the upconversion luminescence. Jin et al. synthesized NaYbF4 particles with a 
doping ratio of 4% Tm3+ (14 nm in diameter) and compared the brightness of these particles 
with the classical NaYF4:20%Yb,0.3%Tm particles. The blue emission was increased about 
three times by low laser power excitation [92]. For NaYF4:Yb,Er (8 nm) [93] and also 
NaYF4:Yb,Tm (25 nm and 40 nm) [94,95] particles an increase in the activator concentration 
results in an improved upconversion efficiency. In both cases high laser power densities of 
105 W·cm-2 and 106 W·cm-2 were used, which complicates the situation as saturation of 
individual excited states need to be taken into account. Cohen et al. developed a systematic 
model based on a robotic particle synthesis of the interactions between Ln3+ dopants for the 
ideal design of the UCNPs, resulting in bright particles for tracking biological processes [96]. 
All particle designs presented so far, show a heterogeneous doping which can induce cross-
relaxation and energy transfer barrier between dopant ions because of the local relative 
enrichment of the dopants. For avoiding this, a homogenous doping by a layer by layer particle 
architecture might be attractive. The quantum yield of the homogenous Er3+,Yb3+-doped 
particle was two times higher than the same heterogenous doped particles under a laser power 
density of 50 W·cm-2 [97]. For bioanalytical applications where the size of the particles is 
critical and cannot by varied or when the excitation power needs to be low and fixed the 
degree of freedom in enhancing the luminescence by variations of the dopants is low. So, in 
detail, having a model for calculating the ideal doping ratios of the lanthanides in UCNPs of a 
desired size would be advantageous for receiving bright particles. Such a model only can be 
established when the photophysical properties of UCNPs in dependence of the doping and 
the size are fully described. 
 Surface Passivation 
The luminescence of surface dopants can be readily quenched by high oscillators arising from 
surface defects, ligands and solvent molecules [98], therefore surface passivation will lead to 
an enhancement of the brightness of UCNPs [13]. Wang et al. studied in detail the influence 
of an inert shell on differently sized particles. Particles of 15 nm in diameter consisting of a 
2.5 nm thick shell show a comparable brightness like core particles with a size of 25 nm 
(Fig. 1.10). A comparison of the intensity loss of core particles and the core – shell particles 
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confirmed the quenching of the upconversion luminescence by water molecules in close 
proximity to the particle surface [99]. A coating with a thin non-doped NaYF4-shell of less than 
1.5 nm thickness on the core particles NaYF4:Yb,Er of ~8.5 nm results in a 7.4-fold 
enhancement of the upconversion luminescence [100]. Also Rinkel et al. synthesized 5 nm 
sized core particles NaYF4:Yb,Er and enhanced the upconversion efficiency about 16 times by 
growing a 2 nm inert shell on the particles [101]. A shell of only 2 nm thickness is sufficient for 
reaching the maximal luminescence increase. This was demonstrated by Gargas et al. by 
studying the luminescence properties of single particles [93]. Through the increased 
upconversion efficiency by a core – shell design, Drees et al. applied NaYF4:Yb,Er@NaYF4 
particles modified with a nanobody recognizing the green fluorescent protein (GFP) inside 
living cells for resolving protein interactions [102]. 
 
Figure 1.10Upconversion emission spectra of NaGdF4:Yb,Tm with different sizes with and without a thin layer of NaGdF4. All 
spectra were recorded under excitation of a 980 nm cw diode laser at a power density of 10 W·cm-2 (left). Comparison of emission 
intensity loss for 15 nm core particles and corresponding 20 nm core/shell particles in ethanol with different amounts of water (right). 
Picture adapted with permission from Ref [99] © 2014 Wiley-VCH GmbH, Weinheim. 
Core – shell structures with different host materials in one particle are also presented in the 
literature. Capping of 26 nm sized cubic NaYF4 UCNPs with a 2 nm thick shell of CaF2 has 
been shown to produce nanocrystals with an unusually high quantum yield of ~3% for the red 
emission at low excitation power densities of 10 W·cm-2. These particles, conjugated with 
aminolevulinic acid for application in photodynamic therapy, show 70% cell death after 20 min 
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of NIR irradiation [103]. Zhu et al. studied also particles with an inert shell of CaF2 on the core 
particles of NaYbF4:Tb, resulting in 12 nm sized particles showing a 690-fold increased 
emission intensity due to the shell growing and have comparable upconversion intensities like 
the well-known NaYF4:Yb,Er particles. These core – shell particles were applied to lymph node 
imaging in vivo [104]. The inert shell has to be critically investigated for sensor applications 
based on an efficient FRET as the efficiency decreases by the power of six with increasing 
distance between donor and acceptor. Nevertheless, this strategy will be a simple method of 
choice when applying UCNPs as luminescent probes in theranostic and bioimaging 
applications. 
 Energy Migration 
In contrast to inert shells one also can grow a shell doped with sensitizer ions on a core particle. 
It is expected that more photons get absorbed and migrate to the core which leads to an 
enhancement of the upconversion luminescence. In 2009, Capobianco et al. presented the 
strategy of a core – active shell architecture for enhancing the intensity of the upconversion: 
Particles with a diameter of 14 nm of the type NaGdF4:Yb,Er@NaGdF4:Yb demonstrated a 10-
times increase in the green or rather in the red emission compared with core only (11 nm) 
particles which where doped with an unusual high content of 40% Yb3+ for having equal 
amount of sensitizer ions [105]. Here the spatial separation of the sensitizer enables a higher 
energy input to the luminescence center in the core, which results in five times increase in the 
green and eight times increase in the red emission. The idea of active shell growing is very 
popular [94,98,104]. Ostwald ripening dynamics enables the growth of several shells which 
adjustable thickness on the core particle [106]. Chen et al. reported on NCs consisting of an 
active core-multi-shell NaGdF4:60%Yb@NaYF4:20%Yb,2%Er@NaGdF4:20%Yb presenting a 
rod like structure with a length of ~30 nm and a width of ~17 nm. By such Yb3+ distribution in 
the core and shells no self-quenching was found and an efficient transfer of the absorbed NIR 
radiation to the luminescent shell layer through the Yb3+ doping in the active-core and active-
shell was reached. The luminescence spectra for this particle architecture was compared with 
other core – shell – shell particles (Fig. 1.11) showed the highest intensity for the green and 
red emission [107]. 
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Figure 1.11 Schematic design of the active-core - luminescent-shell - active-shell architecture to enhance the Ln3+ upconversion 
luminescence (left) and the luminescence spectra of the different particle designs upon NIR excitation. Picture adapted with 
permission from Ref © [107]. 2016 The Royal Society of Chemistry (RSC). 
Zhang et al. presented a fundamental study (theoretical model and spectroscopic 
measurements) in which they can control the upconversion emission time behavior by tuning 
the energy migration paths in various specifically designed nanostructures [108]. For a further 
increase in the luminescence properties of these core-multi-shell particles a final inert shell is 
favored. The luminescence efficiency was tripled by growing a 3 nm thick inert shell of NaGdF4 
on 14 nm sized core/active shell particles from the type NaGdF4:Yb,Er@NaGdF4:Yb upon 
980 nm illumination with a power density of 50 W·cm-2 [98]. Haase et al. reported the 
intermixing of core and shell material of 14 nm sized NaEuF4@NaGdF4 particles during the 
shell formation [109], which indicate stability issues of such core-multi-shell particle 
architectures. Detailed studies on long-time stability and ion intermixing are still missing. 
1.3.4 Change of Excitation Wavelength 
Biological and sensor applications of UCNPs are predominately performed in aqueous 
systems. In such media, one can gain more upconversion luminescence by shifting the 
excitation wavelength by tandem sensitization. Water shows a local absorption maximum at 
980 nm (Fig. 1.12), which implies that excitation light at this wavelength gets absorbed leading 
to a distance dependent decrease in the excitation power density. This is especially crucial in 
bioanalytical applications using the individual emission bands of UCNPs for self-referenced 
sensing. Another drawback is displayed by the fact that illumination by a 980 nm cw laser can 
lead to overheating effects. This is especially a problem when the UCNP sensing probe should 
be used in cells or tissue [110]. 
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Figure 1.12Right: Absorbance spectra of water (blue line) showing the overlap to 980 nm excitation (grey) and almost no 
absorbance at 808 nm excitation (purple). Left: Core – shell particle architecture for 808 nm excitation with spatial separation of Nd3+ 
and activator ions Ln3+ preventing non-radiative energy back transfer to the sensitizer ion. 
In 2011, Andersson-Engels and co-worker reported on this problem and present a solution by 
shifting the excitation wavelength to 915 nm for NaYbF4:Tm,Er,Ho particles. Overheating 
effects were significantly minimized, and deeper tissue penetration was achieved. But the 
excitation wavelength still overlaps partially with the absorption peak of H2O [110]. These 
limitations can be fully overcome by the design of core – shell particles with Nd3+, Yb3+ doping 
in the shell. Neodymium absorbs light at 808 nm and transfers the energy to Yb3+ which is also 
present in the core and acting as a bridge to excite Er3+, Tm3+, or Ho3+ ions doped in the core of 
the particle [34]. These architecture seems to be most promising so far, but a lot of other 
core – shell systems with huge variations in the doping ratios have been described in literature 
so far, e.g. tri-doped NaYF4:20%Yb,2%Er,2%Nd@NaYF4 core – shell particles excitable at 
808 nm [111]. The excitation at 808 nm presents a lower overheating effect of water 
compared to the 980 nm excitation. But the concentration of neodymium ions has to be lower 
than 2% minimizing cross-relaxation between Nd3+ and the Er3+ ions if the ions are placed 
together in the core [112,113]. To overcome this Xie and co-workers synthesized 
NaYF4:30%Yb,2%Er,1%Nd core particles with a NaYF4-shell doped with 20% Nd3+ enhancing 
the luminescence properties by a factor of seven compared to tri-doped 
NaYF4:Yb,Er,Nd@NaYF4 core – shell particles. Here the sensitizer Nd3+ and the activator Er3+ 
are spatially separated. Gao et al. compared particles NaYF4:Yb,Tm,Nd@NaYF4:Nd excitable 
at 808 nm with particles having instead the Nd3+-shell an inert shell. The particles excited at 
808 nm show a seven times higher blue emission compared with NaYF4:Yb,Tm,Nd@NaYF4 
particles excited at 980 nm [114]. The importance of separating the Nd3+ ions from the 
Strategies for the Design of Bright Upconversion Nanoparticles for Sensing Applications  31 
activator lead to particle architectures with an additional separating shell doped with Yb3+ 
between activator and the sensitizer layer. The transition layer doped with 10%Yb3+ of 1.45 nm 
thickness successfully blocked the non-radiative resonant energy transfer from the activator 
to the sensitizer [115]. The advantage of a transition layer is also reported by the workgroup 
of Bednarkiewicz for enhancing the brightness of Tb3+-doped core – multi-shell particles, with 
emissions at 540 and 585 nm [116]. From all studies describing Nd3+-sensitized UCNPs so far 
one can identify that there are numerous compositions of core-multi-shell architectures as well 
as doping ratios (Fig. 1.13). This clearly indicates that there is a lack of information about the 
exact interplay of parameters like core size, shell thickness and lanthanide compositions. 
 
Figure 1.13Examples of combinations of Nd3+-sensitized upconversion nanoparticle architectures. The systems are sorted 
according the final particle size. The doping ratios are presented in different colors as explained in the legend. In case core or shells 
are doped by an activator ion it is given by the symbol of the chemical element [112, 114, 117-133]. 
First (bio)analytical applications of Nd3+-sensitized UCNPs have been described recently. 
Cyanine dye (hCy3) modified core – shell nanoparticles consisting of 
NaYF4:Yb,Nd,Er@NaYF4:Nd were applied to detect ClO# with a low detection limit of 27 ppb, 
high selectivity and rapid response in living cells of a mouse by ratiometric upconversion 
luminescence imaging [124]. Neodymium sensitized UCNPs are of high interest in theranostic 
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applications as for example in photodynamic therapy [126,128,133] because of deep tissue 
penetration. Figure 1.14 displays an aqueous dispersion of the Nd3+-sensitized core – shell 
nanoparticles filled in a 10 cm long cuvette (~4 mg·mL-1) and excited simultaneously by an 
808 nm and 980 nm laser module. A continuous green upconversion luminescence over the 
whole distance can be observed for 808 nm excitation, while for 980 nm excitation the 
luminescence intensity fades out with increasing distance due to the absorbance of the 
excitation light by water. A forensic application is presented by blood fingerprint imaging with 
UCNPs with tandem sensitization which subtly averts the laser-induced thermal effect [133]. 
Also NaGdF4:Yb,Er@NaYF4:Yb,Nd core shell particles were used as luminescent marker for 
water detection application. The ligand free Nd3+-sensitized core – shell particles dispersed in 
DMF shows a linear dependence of the relative luminescence intensity as a function of the 
water content via 808 nm excitation (0.5 W·cm-2) [134]. 
 
Figure 1.14Image of NaYF4:Yb,Er@NaYF4:Yb,Nd particles dispersed in water and excited by 980 nm (from the left) and 808 nm 
(from the right) at comparable low excitation power density. Adapted from the authors master´s thesis. 
The combination of the Nd3+ doping and antenna molecules has shown by Prasad’s group. The 
concept describes a multistep cascade energy transfer from broadly infrared-harvesting 
organic dyes to the sensitizer Nd3+ in the shell followed by a sequential non-radiative energy 
transfer to the upconverting ion pairs in the core. Here a remarkable upconversion quantum 
efficiency of about 19% was obtained, which is nearly 100 times higher than quantum 
efficiencies reported by others [135,30]. The combination of the both strategies shows 
excellent temperature sensing properties due to enhanced brightness of the particles, but the 
transfer of these particles in aqueous solution has not been reported [33]. 
1.4 Conclusion and Perspective 
In many publications, researcher demonstrated the proof of principle for the great potential of 
UCNPs in applications ranging from biology to medicine. The low quantum efficiency is still 
one of the main issues that impede the development of products like commercially available 
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bioassays based on UCNPs. Therefore, one of the main research directions in this field deals 
with improving the brightness of these type of luminescent nanomaterials. In this review the 
recent strategies for the enhancement of upconversion luminescence, classified in three main 
directions are highlighted: a) improve the efficiency of energy absorption by the sensitizer via 
coupling to plasmonic or photonic structures or to attach ligands for light harvesting; b) 
minimizing non-radiative deactivation by changing the architecture of UCNPs; and c) 
changing the excitation wavelength to get bright particles at low excitation power density for 
applications in aqueous systems. All strategies clearly lead to an improvement as displayed in 
Figure 1.15, but it is really difficult at the present stage to compare these enhancement factors 
or to make suggestions which direction is most promising. 
 
Figure 1.15Comparison of the ranges of enhancement factors achieved by several strategies to enhance the upconversion 
luminescence. 
One has to keep in mind, that in general, it is much easier to achieve tremendous enhancement 
when the original efficiency is poor. For such reason enhancement factors are often misleading 
and should not be overestimated. As long as there are no standardized materials or 
standardized protocols for classifying the brightness of upconversion nanomaterials available, 
those numbers comparing relative emission intensities are only of limited usability. The 
research in enhancing the luminescence of UCNPs is still in its infancy and a better 
understanding of the photophysics, especially of complex core – shell systems or for complex 
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hybrid systems coupling different types of materials with UCNPs is mandatory. Furthermore, 
investigations on chemical stability, the composition of these materials at an atomic scale, the 
time-scale of processes happening at all interfaces in core – multi shell architectures are only 
in the early beginning. Up to now there is only little knowledge on the interaction of dispersed 
particles with the media itself or with adsorbates from the media, which also will affect the 
luminescence properties by quenching effects, or even by dissolution or by aggregation of 
particles, both of great importance for bioanalytical applications. By taking into account the 
manifold parameters which can be optimized on the way to design small but also bright 
UCNPs excitable at moderate laser power density, it is expected that fundamental studies will 
lead to a better understanding of the upconversion luminescence and have a huge impact to a 
bright future of UCNPs as probes in biosensors, healthcare and many other applications. 
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 Aim of the Work 
The low quantum yields and the poor brightness of upconversion nanoparticles (UCNPs) is 
one of the major limitations to bring this class of probes, with its unique features to a practical 
application. Motivated by this, the aim of this work was a) to get a better understanding in the 
photophysics of lanthanide doped upconversion nanoparticles of the NaYF4 type, b) to search 
for possibilities to change the spectral properties for better sensing abilities, c) to prevent 
sample heating when exciting UCNPs by NIR light in aqueous systems, and d) to investigate 
deep tissue penetration which will be the key for future theranostic applications of this probes. 
In sensing applications, it would be beneficial to use a probe with large anti Stokes shift. This 
will improve the sensitivity by a high signal-to-noise ratio due to minimizing the noise. It will be 
also very attractive to operate in a label-free manner and use intrinsic parameters of an analyte. 
This feature enables in-field or home-care application usable by non-trained persons in a 
reliable way. Upconversion nanoparticles, when used as so-called nanolamps can give an 
option to realize such an application, especially when using the four-photon process of these 
nanolamps generating UV light upon NIR excitation. Usually, UV emissions of UCNPs are 
extremely weak, and an enhancement strategy is necessary. It was the aim of this work to 
investigate the possibility to use a plasmonic enhancement to boost the UV-emission of 
Thullium-doped UCNPs for a photometric sensing application. 
The main advantage of photo upconversion is ascribed to allow the generation of background 
free signals in biological medium like in cells, where no other component is able to be 
stimulated to send out light upon NIR excitation. This is important in imaging, diagnostics but 
also in drug delivery. If an emission is only generated at a desired location, it is possible to 
release a drug by a photochemical reaction. One limitation so far is the use of 980 nm light to 
excite UCNPs by sensitization via Yb3+ ions in the crystal. This light gets also absorbed from 
water and sample heating will become an issue for long-time irradiation of biological material. 
Therefore, it was the aim of this work to design and synthesize core – multi-shell particles with 
Nd3+,Yb3+ tandem sensitization for efficient upconversion in the blue region. Such particle 
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were fabricated to be used by our colleagues at Rutgers University, NJ for a NIR stimulated 
stem cell growth. 
Another feature of UCNPs often discussed in literature is the ability of deep tissue penetration 
of UCNPs, as the excitation in the NIR is in the so-called first biological window where tissue 
shows low absorbance. Nevertheless, a thoroughly investigation of this feature is missing so 
far. Therefore, the aim of this work was to design a set of particles allowing together with our 
colleagues from the Federal Institute of Material Research and Testing (BAM) in Berlin to fully 
investigate the photophysical properties comparing 980 nm and 808 nm excitation in an 
excitation power dependent way. An answer to the question at which distance it makes sense 
to go for the more complex core – multi shell particles with Nd3+ sensitization to achieve a 
brighter upconversion luminescence is expected. 
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 Plasmonic Enhancement of NIR to UV 
Upconversion by a Nanoengineered Interface 
Consisting of NaYF!:Yb,Tm Nanoparticles and a Gold 
Nanotriangle Array for Optical Detection of Vitamin 
B12 in Serum 
3.1 Abstract 
A nanoengineered interface fabricated by self-assembly enables the online determination of 
vitamin B12 via a simple luminescence readout in serum without any pretreatment. The 
interplay of Tm3+-doped NaYF4 nanoparticles (UCNPs) and a gold nanotriangle array prepared 
by nanosphere lithography on a glass slide is responsible for an efficient NIR to UV 
upconversion. Hot spots of the gold assembly generate local electromagnetic-field 
enhancement, favoring the four-photon upconversion process at the low-power excitation of 
approximately 13 W·cm-2. An improvement by about six times of the intensity for the emission 
peaking at 345 nm is achieved. The nanoengineered interface has been applied in a proof-of-
concept sensor for vitamin B12 in serum, which is known as a marker for the risk of cancer; 
Alzheimer disease; or, during pregnancy neurological abnormalities in newborn babies. 
Vitamin B12 can be detected in serum down to 3.0 nmol·L-1 by a simple intensity-based optical 
readout, consuming only 200 µL of a sample, which qualifies as easy miniaturization for point-
of-care diagnostics. Additionally, this label-free approach can be used for long-term 
monitoring because of the high photostability of the upconversion nanoparticles. 
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Figure 3.1 Graphical abstract for plasmonic enhancement of NIR to UV upconversion by a nanoengineered interface consisting of 
NaYF4:Yb,Tm nanoparticles and a gold nanotriangle array for optical detection of vitamin B12 in serum. 
This chapter has been published. Lisa Marie Wiesholler, Christa Genslein, Alexandra 
Schroter, Thomas Hirsch. Analytical Chemistry, 2018, 90(24), 14247-54. 
Author contributions: This manuscript was published after peer reviewing. LMW and CG 
contributed equally in this publication. LMW designed and synthesized the upconverting 
nanoparticle while CG fabricated the nanotriangle array. First preliminary test to fabricate the 
nanoengineered interface were conducted by AS supervised by CG and LMW. LMW 
performed the luminescence measurements, carried out the vitamin B12 determination in 
water and serum and investigated the selectivity. The Raman measurements were performed 
by LMW and CG and the surface plasmon resonance studies were carried out by LMW. The 
manuscript was written by LMW and CG. The article was revised by the LMW, CG, and TH. 
TH is corresponding author. 
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3.2 Introduction 
The increasing demand for sensors, especially in the field of health care and point-of-care 
diagnostics [1], motivates researchers to develop new concepts to overcome limitations in 
elaborative detection principles [2]. Online monitoring is highly desired in production lines in 
environment control, and in diagnostics, as it does not require periodic sampling and 
maximizes the information, which provides efficiency and safety [3]. Label-free approaches, 
especially those that monitor intrinsic features of an analyte, such as its absorption 
characteristics, are most suitable for long term usage [4]. Miniaturization and energy 
efficiency are also key players in sensor development as they enable easy integration in many 
systems. The tremendous progress in nanotechnology established a lot of new nanomaterials 
with outstanding properties, helping to advance sensor technologies. Upconversion 
nanoparticles (UCNPs) are one of these materials, as they efficiently convert NIR light to UV-
vis emission [5]. In particular, the good biocompatibility of UCNPs and the reduction of the 
background fluorescence [6] make them attractive for applications like biosensing [7-9] and 
bioimaging [6,10]. Despite the progress in the last few years, for some applications, the 
quantum efficiency of these nanoparticles is still not sufficient, which is attributed to the 
generally low absorption coefficient of the Ln3+ ions caused by Laporte–forbidden 4f-4f-
transitions [11,12]. Haase et al. have reported on the synthesis of erbium-doped core – shell 
nanoparticles of 45 nm in size, which exhibit almost the same brightness as the bulk material 
[13]. For biological applications, UCNPs doped with thulium are of interest as they are capable 
of emitting at 345 and 360 nm, which is realized by a four-photon process [14]. These 
emissions usually require a high laser power. Researchers have developed many strategies [15] 
for enhancing upconversion luminescence [16], such as optimizing the concentrations of the 
lanthanide ions [17], modulating the shapes and phases of the particles [18], and designing 
composite materials [19]. Spectral management in UCNPs can enhance a particular emission 
peak by redistribution of the excitation energy [20]. Another promising strategy is the 
assembly of the particles onto solid supports [21], like the combination of UCNPs with 
metallic nanostructured surfaces. Here, the key point is the occurrence of surface plasmons, 
appearing in the presence of conducting materials, defined as oscillations at the interface 
between a material with free electrons (e.g. gold) and a dielectric material [22]. The interaction 
of surface plasmons with UCNPs has been reported to enhance the upconversion efficiency 
[23,24]. These short-ranging, high-frequency electromagnetic resonances of electrons change 
the electromagnetic field (EMF) in close proximity to upconversion nanoparticles [24]. The 
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interplay of UCNPs and metallic nanostructured surfaces is influenced by the plasmonic 
properties of the material and the geometrical structures, such as shape and size [25]. 
Localized surface plasmons (LSPs) are favored for emission enhancement. They are 
characterized by a confined EMF rather than by propagating surface plasmons on a 
continuous metal film [26]. The optical phenomenon is generated by a light wave trapped in a 
structure smaller than its wavelength, called a hot spot [27]. Light interactions are strongly 
enhanced at the edges of such structures, and the energy is focused to a close vicinity at the 
metal surface [28]. For sensor applications, regular arrangements of these nanostructures 
need to be fabricated in large dimensions with sufficient reproducibility. Nanosphere 
lithography, based on the self-assembly of nanoparticles, covers these requirements. The use 
of different sphere sizes allows for facile hot-spot design, in particular nanotriangle arrays [29]. 
In this work a gold nanotriangle array is merged with UCNPs to result in a nanoengineered 
interface with the advantages of high UV luminescence and label-free, online monitoring. The 
increased upconversion emission in the UV range was selected for sensing vitamin B12 
(vitB12) concentration in serum, which is in the range of 0.15 – 750 nmol·L-1 for healthy people 
[30]. Recent studies have reported that vitB12 in blood serum can be used as a marker for 
Alzheimer´s disease [31], and a low vitB12 content in serum during pregnancy enhances the 
risk of neurological abnormalities in newborn babies [32]. Table 3.1 compares different 
methods reported for the determination of vitB12. Some techniques, like Raman or mass 
spectroscopy, suffer from long assay times because of their intensive pretreatment steps or 
from poor specificity, as for the example of surface-plasmon resonance (SPR). 
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Table 3.1. Comparison of different techniques reported for the determination of vitaminB12 in real samples in 















0.63·10-8 n.r.a) 5 days yes cost intensive 33 
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100  
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63 nra) 5 min yes poor specificity 38 
Raman 
spectroscopy 
70 2.500 7 h yes interference by 
proteins 
39  
fluorescence 100 2.000 4 min no 
high background 
due to UV 
excitation 
40 
a) not reported 
 
3.3 Materials and Methods 
3.3.1 Chemicals and Characterization Methods 
Lanthanide chloride hexahydrates (> 99.9%) were purchased from Sigma-Aldrich and 
Treibacher Industrie AG. Oleic acid and 1-octadecene (both technical grade, 90%) were 
obtained from Alfa Aesar. Nitrosonium tertrafluoroborate (95%) was purchased from Sigma-
Aldrich. All other chemicals were of analytical grade and obtained from Sigma-Aldrich, Merck 
or Acros. All chemicals were used as received without further purification. 
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The sizes of the nanoparticles were determined by transmission electron microscopy (TEM) 
with a 120 kV Philips CM12 microscope on carbon-coated copper grids (400 mesh) from 
Plano. A small volume (10 $L) of particles dispersed in cyclohexane (1 mg·mL-1) was dropped 
on the grid and the solvent was allowed to evaporate. The elemental composition was verified 
by using a flame end on plasma (EOP) inductively coupled plasma optical-emission 
spectrometer (ICP-OES) from Spectro. Dynamic light scattering (DLS) was performed with a 
Malvern Zetasizer Nano ZS to characterize the particle-size distributions in the dispersions. 
Disposable semimicro poly(methyl methacrylate) cuvettes were used and the temperature was 
held at a constant level of 20 °C. To analyze the crystal structure, X-ray-powder-diffraction 
patterns (XRD) with a resolution of 0.005° (2θ) were collected using a STOE STADI P 
diffractometer equipped with a Dectris Mythen 1K detector. Monochromatic Cu Kα1 
radiation (λ = 1.54056 Å) was used. Luminescence measurements were carried out with an 
Aminco Bowman Series 2 luminescence spectrometer from the Thermo Electron Corporation 
equipped with a continuous wave (cw) 980 nm laser module (200 mV) from Picotronic for 
excitation. Absorbance measurements of the vitB12 solutions were obtained with a 
Varian Cary 50 spectrophotometer. SPR analysis was performed with a BioSuplar SPR 
instrument (Mivitec GmbH) using an F1-65 glass prism installed on a swivel carriage. The 
substrate was placed on the top face with index-matching fluid between the chip and the 
prism. A flow cell with two channels was placed on the chip. The device operated with laser 
illumination at 650 nm. SPR slides covered with a continuous gold film of 45 nm in thickness 
were obtained from Mivitec GmbH. For Raman measurements (DXR Raman microscope, 
Thermo Fisher Scientific GmbH) 532 nm laser excitation (8 mW) and a 50 $m slit were used. 
The Raman microscope was equipped with a 100x magnification MPlan N objective 
(100"/0.90 BD, Olympus SE & Company). 
3.3.2 Synthesis and Surface Modification of Upconversion Nanoparticles 
Particles were synthesized according to a general method reported by Wilhelm et al. [41] with 
modifications. 
 Synthesis of Hexagonal NaYF4:25%Yb,0.3%Tm 
A total of 5 mmol rare earth trichlorides of Y3+, Yb3+ and Tm3+ with the corresponding molar 
doping ratios as desired in the nanoparticle were dissolved in 40 mL methanol and transferred 
into a three necked round bottom flask under nitrogen flow. A mixture of 8 mL oleic acid and 
15 mL 1-octadecene per 1 mmol of rare earth salts was added to the solution. The suspension 
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was heated to 160 °C and vacuum was applied for 30 min to form a clear solution. After this 
the solution was cooled to room temperature and 0.148 g (4.0 mmol) NH4F and 0.1 g 
(2.5 mmol) NaOH dissolved in 20 mL methanol were added per 1 mmol of rare earth salts. 
Then the suspension was kept at 120 °C for 30 min and then heated to reflux (approx. 325 °C). 
The progress of the reaction was monitored with a 980 nm cw laser module. 10 min from the 
time on, when upconversion luminescence can be observed for the first time, the reaction 
mixture was cooled to room temperature. After the synthesis the particles were precipitated 
by the addition of ethanol in excess and collected by centrifugation at 1,000 g for 5 min. The 
precipitate was washed twice with chloroform/ethanol (1:10, v/v) and three times with 
cyclohexane/acetone (1:10, v/v) by repeated re-dispersion-precipitation-centrifugation 
cycles. Finally, the particles were dispersed in cyclohexane, centrifuged at 1,000 g for 3 min to 
remove aggregates, and the supernatant was collected and stored at 4 °C. 
 Surface Modification of NaYF4:Yb,Tm 
The ligand exchange strategy with tetrafluoroborate is based on the method described by 
Dong et al. [42]. In a two-phase system consisting of equal volumes of cyclohexane and 
dimethylformamide (DMF) the nanoparticles were dispersed. NOBF4 (1 mg per 1 mg UCNPs) 
was added and the dispersion was stirred and slightly heated (~40 °C) for 10 min. During this 
time the oleate capped hydrophobic UCNPs were transferred from the cyclohexane phase 
into the DMF phase. The process can be easily monitored by control of the upconversion 
luminescence via excitation with a 980 nm cw laser module (200 mW). Surface modification 
is complete when only the DMF phase shows upconversion luminescence. The clear upper 
cyclohexane phase was discarded, and the particles were precipitated by excess of 
chloroform. The suspension is centrifuged at 1,000 g for 5 min. The jellylike precipitate is 
washed twice with chloroform. Finally, the BF4--stabilized particles are dispersed in DMF, and 
aggregates were removed by centrifugation at 1,000 g for 3 min. Poly(acrylic acid) 
(MW ~2,100) was dissolved in water (2 mg·mL-1) and added to the BF4--stabilized nanoparticles 
dispersed in DMF. The solution was stirred and also kept at a moderate temperature of 40 °C 
for 15 min. Afterwards the dispersion was centrifuged (13,600 g for 20 min) and washed twice 
for 20 min with water (13,600 g). The supernatants were finally collected after centrifugation 
at 1,000 g for 3 min. 
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3.3.3 Functionalization of Glass Slides 
All substrates were based on glass slides (20 x 20 mm!) of F1 type with a refractive index of 
1.61 (Mivitec GmbH). Glass slides were cleaned in a piranha solution (3:1 (v/v) mixture of 
conc. H2SO4 and 30% (w/w) H2O2) for 90 min and then in a 5:1:1 (v/v/v) mixture of water, 
ammonia, and hydrogen peroxide for 60 min. Triangle arrays were prepared according to a 
modified protocol described by Genslein et al. [43]. In brief, polystyrene particles were 
dispersed in a water/ethanol solution with a ratio of 87:13 (v/v), and a concentration of 
13 mg·mL-1. A spherical mask of particles with a diameter of 1.04 ± 0.04 $m was formed on the 
glass substrate by drop-coating 40 µL of the particle dispersion. After evaporation of the 
solvent, the spherical mask was covered with a film of ~5 nm of titanium and ~50 nm of gold. 
The metal films were deposited by electron-beam vapor deposition consisting of a 
Leybold Univex 450 vacuum pump, a Ferro-Tec EVM-8 e-beam gun, and an Inficon oscillating 
quartz device. In the last step, the polystyrene spheres were removed from the surface by 
sonication in ethanol for 2 min, yielding triangle nanoarrays. Glass slides covered with a 
continuous gold film of ~50 nm in thickness on a 5 nm adhesion layer of chromium were 
obtained from Mivitec GmbH. Scanning electron microscopy (SEM) was used for 
characterization (JSM-6510 SEM-device, JEOL GmbH) with voltages of 15 and 30 kV. 
3.3.4 Preparation of a Particle Layer via Self-Assembly 
1-Mercaptohexadecane was used for monolayer formation on the continuous gold film and 
on the nanotriangle array, and hexadecyltrimethoxysilane was used for the glass slide. First, 
the gold was modified with an alkanethiol self-assembled monolayer (SAM). The gold 
modified glass slides (either with a continuous gold film or with a gold nanotriangle assembly) 
were washed with ethanol and dried with nitrogen. The monolayer on substrates with a 
continuous gold film or a triangle array was formed by immersion in a solution of 1-
mercaptohexadecane in ethanol (200 $g·mL-1) overnight. For the SAM formation on a glass 
slide a solution of hexadecyltrimethoxysilane in ethanol (200 $g·mL-1) was used. After washing 
with ethanol, 200 $L of oleate capped NaYF4:Yb,Tm nanoparticles in cyclohexane 
(22 mg·mL-1) were deposited on the gold substrate. The solvent was evaporated at ambient air, 
and the slide was subsequently washed with cyclohexane. To achieve a complete coverage of 
the substrates by particles, the NaYF4:Yb,Tm-solution was dropped on the surface for four 
times, after each deposition the substrate was washed thoroughly with cyclohexane. For 
characterization, SEM (SUPRA 55VP ZEISS, Carl Zeiss AG) at a voltage of 8 kV was used. 
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3.3.5 Stability Measurements of the Particles Attached to a Continuous Gold Film 
The surface coverage as well as the stability of the nanoparticles on continuous gold films was 
investigated by surface plasmon resonance spectroscopy (SPR). The SPR angle is determined 
by the refractive index next to the gold surface. The refractive index for water (nD = 1.33) and 
NaYF4:Yb,Tm (nD = 1.47) [44] differ a lot, which allows to detect the assembly of the particles 
on the alkanethiol modified gold by measuring the SPR angle. The SPR setup creates two 
measurement spots on one gold slide. Only that region of the gold which belongs to one 
measurement spot is covered by NaYF4:Yb,Tm particles via drop-casting, the second 
measurement spot acts as reference. The chip is covered by a flow cell, separated in two 
channels, one for each measurement spot. By a flow of water (1 mL·min-1) the change of the 
SPR angle was followed for 30 min. The theoretical curves were performed by the software 
WinSpall [45]. For stability measurements by Raman spectroscopy, UCNPs were attached to 
a 1-mercaptohexadecane-modified continuous gold film by the drop-casting method. The 
substrate was immersed in 20 mL of water. Spectra were measured before the first immersion 
in water (day 0) and on consecutive days. No variation in the intensity can be found, which is 
indicating a good stability of the assembly. 
3.3.6 Measurement of Vitamin B12 
A homemade measurement cell was used for detection. On the nanoengineered interface, a 
polydimethylsiloxane (PDMS) gasket was mounted and sealed with a glass slide. The cell held 
a total volume of 200 µL of analyte solution and was fixed in the spectrometer. A 980 nm laser 
(200 mW, cw) illuminated the nanoengineered interface via the glass cell. The upconversion 
luminescence was detected in a reflectometric configuration with a constant angle to avoid 
any excitation light at the detector. 
3.4 Results and Discussion 
3.4.1 Substrate Fabrication and Functionalization with NaYF4:Yb,Tm 
Upconversion Nanoparticles 
The nanoengineered interface is formed by an assembly of a nanostructured gold array with 
UCNPs on top, as outlined in Figure 3.2. An interaction between the plasmonic features of the 
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gold and the UCNPs is expected to enhance the luminescence properties of the anti-Stokes 
emission of the nanoparticles [46]. 
 
Figure 3.2Schema of the fabrication of the nanoengineered interface. The left part illustrates the assembly and functionalization of 
the nanotriangle array. Starting with a glass slide, polystyrene spheres are drop-coated (1), and then gold is deposited by evaporation 
(2). After the slide is sonicated to remove the polystyrene spheres (3), a nanotriangle array is obtained. This array is further 
functionalized with a self-assembled monolayer of a thiol for coupling of the particles (4). (A) SEM image showing the polystyrene 
mask with gold on top and (B) SEM image of the resulting nanotriangle array. On the right, the synthesis of the NaYF4:Yb,Tm UCNPs 
(NaYF4:25%Yb,0.3%Tm) by a bottom-up method is displayed. (C) TEM image and (D) corresponding size distribution of 
monodisperse particles of about 26 nm in diameter. In the middle, the nanoengineered interface is displayed, with the self-assembly 
of the UCNPs on the surface-functionalized gold nanotriangle array. 
The structured gold on the glass was fabricated by nanosphere lithography, outlined in 
Figure 3.3 [47]. This method offers outstanding and convenient possibilities in terms of (a) the 
variability in the dimensions and periodicity of the metallic nanostructures; (b) its fast and 
precise patterning of large-scaled surfaces in the square-centimeter regime; and (c) the easy 
and cheap fabrication, which does not need any expensive instrumentation. In a first step, an 
ethanolic solution consisting of polystyrene spheres (PSS) of a diameter of 1.0 µm was drop-
casted on a clean glass slide. The concentration of the spheres was set to allow the formation 
of a self-assembled, hexagonal closely packed monolayer arrangement. After slow evaporation 
of the solvent, an adhesive layer of ~5 nm of titanium followed by ~50 nm of gold was 
evaporated on top of the assembly. In the last step, the particles were removed by sonication 
for 2 min. The PSS act as mask that defines the area where no gold film is deposited on the 
glass. Scanning electron microscopy confirmed the hexagonal arrangement of the PSS as well 
as the formation of the gold nanotriangle array. 
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Figure 3.3Outline of the fabrication steps to form a triangle array with a modified nanosphere lithography technique. Polystyrene 
particles of ~1 µm in diameter were used for mask formation Gold (~50 nm) was deposited on a ~5 nm Ti adhesion layer by thermal 
vacuum deposition. In a last step the particles were removed by sonication in a water bath. The scanning electron microscope (SEM) 
images of the polystyrene sphere mask (left) and the triangle array (right) show the highly ordered hexagonal arrangement of the 
polystyrene spheres after the deposition of the gold layer and resulting array of the nanotriangles with a center to center distance of 
1 µm and a gold nanotriangle area of 0.04 µm2. 
An area on the glass slide of only 9% is covered by the gold (Fig. 3.4 and calculation presented 
in the following), which concentrates the electro-magnetic field (EMF) generated by free 
electrons in the metal in so-called hot spots at the corners of the triangle. By changing the 
diameter of the PSS, the density and the size of the gold nanotriangles can be easily adjusted. 
 
Figure 3.4Scheme of the hexagonal arrangement of the polystyrene sphere mask and the gold nanotriangle array. 
Calculation of the area covered by gold the nanotriangle array: 
$ = 2 ∙ ( = 1	*+ 
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Therefore, it is expected that the plasmonic features, especially the EMF enhancement, can be 
tuned. Upconversion nanoparticles of the composition NaYF4: 25%Yb,3%Tm with oleic acid 
as the capping ligand were prepared via a bottom-up synthesis by a well-established method 
[41]. Ytterbium ions act as a sensitizer excitable at 980 nm that transfers the energy in a 
multiphoton process sequentially to the Tm3+-ions. Upon relaxation, anti-Stokes emissions of 
narrow bandwidth at 800, 475, 450, 360, and 345 nm can be recorded [48]. In dispersion, at 
low-power irradiation, the emissions at higher energy become less bright compared with those 
at longer wavelengths. The emission intensity and the quantum efficiency depend not only on 
the excitation-power density but also on the size and the crystallinity. A favorable low phonon 
energy of 305 cm-1 of NaYF4 was the reason we chose this material as the host [49]. 
Monodisperse particles with a diameter of 26 ± 0.9 nm, estimated from TEM-images 
(Figs. 3.5A and 3.5B) were synthesized with pure hexagonal crystallinity, as demonstrated by 
XRD measurements (Fig. 3.5D). Such a crystal structure is known for its one order of 
magnitude brighter upconversion luminescence compared with that of cubic form [50]. No 
tendency for agglomeration in cyclohexane was found, and this was verified by dynamic light 
scattering (Fig. 3.5C). 
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Figure 3.5TEM-image (A) and corresponding size distribution (B) of NaYF4:Yb,Tm particles. The diameter averaged from 4,123 
particles is 26.4 ± 0.9 nm. The monodispersity of the particles was confirmed by a solvodynamic diameter of 33 nm with a 
polydispersity index of 0.086, measured by dynamic light scattering of the particle dispersion in cyclohexane (3 mg·L-1) (C). No 
agglomeration of the particles in dispersion can be observed. The diffraction pattern (blue) reveals a hexagonal crystal phase as the 
reflexes of the nanocrystals match the standard reference pattern of β-NaYF4 (ICDD PDF #16-334) (black) (D). 
ICP-OES measurements were performed to determine the exact composition and 
concentration of the UCNPs (Table 3.2). The contents of Yb3+ (25% ± 0.2%, w/w) and Tm3+ 
(0.4% ± 0.1%, w/w) are in good accordance with the ratio of the rare-earth chlorides used 
during the synthesis. 
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Table 3.2. The composition of the UCNPs was verified by ICP-OES measurements. The content of each rare earth 
ion in the particles is in accordance to the theoretical calculated amount of rare earth salts used in for the synthesis 
of NaYF4:25%Yb,0.3%Tm. 
ion Y3+ Yb3+ Tm3+ diameter 
mole percentage /% 74.6 ± 0.2  25 ± 0.2  0.4 ± 0.1  26 ±0.9 nm 
Finally, the nanoengineered interface is obtained by the linkage of the UCNPs to the gold 
nanotriangle array by self-assembly. The glass slides with the nanotriangle array were 
immersed overnight in an ethanolic solution of a long-chained alkanethiol (HS-(CH2)15-CH3) in 
order to form a self-assembled monolayer on gold, which was needed to warrant the stable 
binding of the UCNPs via intercalation of the long-chained oleate capping ligands. After 
subsequently dropping a total amount of 800 µL of a dispersion of the oleate-capped UCNPs 
in cyclohexane (22 mg·mL-1) onto the glass slide with the thiol-modified gold nanotriangle 
array, a stable arrangement of the particles on the surface was achieved. Even after several 
washing steps a blue upconversion of the nanoengineered interface can be seen upon 980 nm 
excitation which proves the stable binding of the UCNPs covering the whole surface. This was 
confirmed by SEM studies (Fig. 3.6) which showed stacks of particles caused by van der Waals 
and hydrophobic interactions on top of the modified glass slide. 
 
Figure 3.6SEM images of the three substrates blank substrate (glass slide) (A), a continuous gold film (B) and a nanoengineered 
interface (triangle array) (C) functionalized with NaYF4:Yb,Tm particles. 
The stable binding of the UCNPs on the gold chip due to the van der Waals interactions was 
confirmed by SPR measurements, pictured in Figure 3.7. The blue curves show SPR angle of 
69.6° for an assembly identically to the one used for the detection of vitB12. The angle does 
not change over time, which indicates that no particles get washed away. When comparing 
this curve to theoretical calculations [45], the SPR angle of a monolayer of particles should be 
in the range of 67.6°, for a double layer at 72.5°. According to the value obtained by 
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measurement, it becomes obvious that in average there is more than a monolayer of particles 
assembled to the surface. When calculating the theoretical amount of particles which is 
needed to assemble a monolayer, drop-casting of exactly this amount of dispersed particles on 
the thiol coated gold slide results in an SPR angle of 63.1°, which is in accordance to the 
theoretical calculation of the SPR curve of a surface covered by 10% of particles only. Again, 
no loss of particles under flow conditions in water is found. The Figures 3.7E to 3.7G indicate 
that oleate coated UCNPs do not stick at the gold surface. Even after 1 min of flow all particles 
are washed away, as the resonance angel is almost the same than for bare gold. The same is 
found for the control experiment with particles, where the oleate was removed by a ligand 
exchange to BF4-, when drop casted on a blank gold or on a thiol modified gold. On the blank 
gold, the particles tend to bind, resulting the same coverage as found for the oleate-coated 
particles on the thiol modified gold. Nevertheless, despite no effective binding, these particles 
get easily washed away over time. As expected, UCNPs@BF4- show no tendency to bind at all 
on thiol coated gold films. 
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Figure 3.7SPR curves of particle attachment on blank and 1-mercaptohexadecane modified gold films (A, C, E-G) and theoretical 
calculations of SPR curves (B, D). The surface modification of the gold is given in the upper left corner and the particle modification 
is symbolized at the right bottom of each figure. In A, C, E-G curves were recorded after 1, 5, 10, 15 and 30 min under constant flow 
of 1 mL·min-1, indicated by blurring of the curves. The blue curves represent the measurement channel were the particles have been 
immobilized, the yellow curves show the reference channel without any particles. Theoretical calculations of SPR curves of particle 
assemblies on gold are indicated in purple, without particles in yellow. The difference in A and C is the amount of particles which have 
been assembled: in A, it was the same amount as used for the chip assembly used in the luminescence studies; in C only an amount 
of particles was drop-casted which theoretically will be needed to form a monolayer arrangement. All curves were recorded at room 
temperature and in water. 
The stability of the particles assembled on nanotriangles was additionally confirmed by Raman 
spectroscopy, showing no significant change in the intensity of the characteristic phonon 
band of the NaYF4 lattice at 305 cm-1 over 10 days (Fig. 3.8) [51]. 
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Figure 3.8Change in the intensity of the phonon band of the NaYF4 lattice over time, measured by Raman spectroscopy of UCNPs 
on a continuous gold film modified with 1-mercaptohexadecane. The individual spectra are shown in the inset, the position of the 
phonon band at 305 cm-1 which is marked in green. One spectrum represents an average over 30 spectra, recorded for each of the 10 
different measurement spots randomly distributed over the whole gold surface with an acquisition time of 5 s. All experimental 
settings for acquiring the spectra were kept constant. 
3.4.2 Luminescence Properties 
The NaYF4:Yb,Tm nanoparticles were assembled on three different types of glass slides: (a) a 
blank slide, (b) a modified with a continuous gold film, and (c) a slide modified with a gold 
nanotriangle array. The thickness of the gold was identically on both types. The enhancement 
of the NIR to UV upconversion caused by the gold and especially by the nanotriangle array 
can be seen from the normalization of the spectra to the 450 nm emission (Fig. 3.9). 
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Figure 3.9Luminescence spectra of UCNPs attached on a blank substrate (glass slide, light blue), a continuous gold film (blue), and 
a nanoengineered interface (gold triangle array, dark blue). (A) Spectra normalized to 450 nm emission and (B) spectra normalized 
on the gold area. Nanoparticles were excited by a 980 nm laser module (200 mW, cw). 
For the emission at 344 and 360 nm, peak inversion can be observed when gold is in close 
proximity to the UCNPs. The peak ratio of I344 nm/I360 nm of 0.8 in the case of a blank glass 
substrate changes to 1.7 for the continuous gold film and increase to 3.2 for the nanotriangle 
array. On both gold surfaces, plasmonic features are responsible for the higher efficiency of 
the 1I6 to 3H6 transition. The EMF is supposed to interact with the UCNPs to improve the 
upconversion efficiency, as demonstrated by the peak inversion in the UV range. Jin et al. [52] 
reported recently that the four-photon process of the upconversion luminescence becomes 
more likely, compared with the three-photon process, when the excitation-power density 
increases, which results in peak ratios of >1. Under relatively low-power excitation of 
approximately 13 W·cm-2, as was used throughout these studies, the probability of the 1I6 to 
3H6 transition for particles is very unlikely. This is demonstrated by the spectrum of the 
dispersion of these particles in water, showing a peak ratio I344 nm/I360 nm of about 0.8 
(Fig. 3.10A), which is very similar to the ratio measured for the UCNP-modified glass slide. 
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Figure 3.10(A) Luminescence spectra of NaYF4:Yb,Tm@PAA particles in aqueous solution (10 mg·mL-1) and (B) luminescence 
spectra of NaYF4:Yb,Tm@oleate particles attached on a gold triangle array (nanoengineered interface) in the presence of an 
increasing amount of vitB12 ranging from 3 to 634 nM. (C) Color map of the relative changes of the emission spectra of the 
nanoengineered interface as a function of the vitB12. All spectra were excited by a 980 nm laser module at ~13 W·cm-2. 
An explanation for the enhancement might be given by the hot spots, which generate localized 
surface plasmons (LSP) at nanometer dimensions, in contrast to the propagating surface 
plasmons on a continuous gold film [53]. The EMF at the hot spots will confine the excitation-
power density, and therefore the brightness of the 345 nm peak will be enhanced. In the study 
of Jin et al. [52] the excitation-power-dependent change of the emission-peak ratio was shown 
for larger NaYF4:Yb,Tm@NaYF4 nanorods with a length of ~46 nm and a width of ~25 nm. 
The highest value they report for I344 nm/I360 nm was ~1.5, recorded at an excitation power density 
of ~60 W·cm-2. This clearly shows that a massive enhancement takes place because of the 
small UCNPs of 26 nm diameter on the nanoengineered surfaces at the low excitation-power 
density of ~13 W·cm-2. Unfortunately, with the equipment in our lab, we were not able to 
perform an excitation-power-dependent study. As a control experiment, extinction 
measurements with the three different types of substrates were carried out. For nanotriangle 
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arrays, the gold area is significantly smaller than that in a continuous gold film; therefore, a 
lower absorbance at 980 nm is expected. This is not the case, as the extinction is increased in 
a similar way for both gold surfaces, indicating the presence of an additional plasmonic effect 
(Fig. 3.11). 
 
Figure 3.11Extinction spectra of the UCNPs on a glass slide (blank), a continuous gold film and a gold nanotriangle array 
(nanoengineered interface). Spectra were normalized for illustration of the peak variation and the excitation wavelength of 980 nm of 
the UCNPs is shown. Substrates were covered by ~50 nm Au with a ~5 nm Ti adhesion layer. 
Furthermore, luminescence measurements with increased distance between the gold and the 
UCNPs, realized by depositing the UCNPs on the side opposite to the nanotriangle array on a 
glass slide of ~1 mm in thickness, showed no enhancement of the NIR to UV upconversion, 
confirming the effect of the plasmonic features on the UCNPs (Fig. 3.12). 
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Figure 3.12Luminescence spectra of the NaYF4:Yb,Tm particles assembled on a continuous gold film and a gold nanotriangle array 
upon 980 nm excitation at approx. 13 W·cm-2. In (A), the UCNPs were placed on the gold, in (B) the UCNPs were attached to the 
glass with the gold on the other side as symbolized by the schema in the inserts. The spectra were not normalized to any peak. The 
inversion of the intensity ratio of the two emission peaks in the UV range as well as the increased emission intensity for both peaks 
shows the impact of the gold to the NIR to UV upconversion for the nanoengineered interface. 
In Figure 3.9B, the spectra were normalized by the respective gold areas. In such cases, a ~16 
times higher upconversion efficiency for the emission in the UV was found for the 
nanoengineered interface compared with that of the continuous gold film. 
3.4.3 Luminescence Detection of Vitamin B12 at Nanoengineered Interfaces 
The outstanding enhancement of the UV emission of the UCNPs by the nanoengineered 
interface enables a novel kind of sensing application based on luminescence measurements. 
One of the biggest advantages can be attributed to the fact that the UV region of the 
electromagnetic spectrum becomes accessible for a simple, label-free, intensity-based readout 
of changes in analyte concentrations caused by reabsorption processes. This is attributed to 
the excitation in the NIR range, which minimizes background caused by the fluorescence of 
organic molecules, proteins, or tissues. Vitamin B12, as a model analyte, exhibits an absorption 
peak at 361 nm, overlapping the anti-Stokes emissions of the 1I6 to 3H6 and 1D2 to 3H6 
transitions and peaking at 345 and 360 nm (Fig. 3.13). 
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Figure 3.13Upconversion luminescence of a nanoengineered interface (blue) showing spectral overlap with the absorbance of 
vitB12 (purple). 
Therefore, it is expected that the luminescence of the UCNPs in the UV range will decrease in 
the presence of vitB12. The determination of vitB12 by the same principle but in a classical 
cuvette assay with dispersed particles highlights the capabilities of the nanoengineered 
interface. Here, the same UCNPs have been used with the exception that the ligand oleate was 
replaced with poly(acrylic acid) via a ligand-exchange protocol [54]. For the determination of 
vitB12 using the nanoengineered interface, a homemade measurement cell consisting of two 
glass slides, one of which was modified with the nanoengineered interface separated by a 
~3 mm PDMS gasket and holding a total volume of 200 µL of the analyte, was used. 
Figure 3.10 compares the spectra for the different vitB12 concentrations. When the 
concentration of vitB12 increases from ~3 to ~630 nM, the luminescence of the UCNPs in the 
cuvette is almost not affected. Therefore, this method cannot be used with low-power NIR 
laser excitation in a complex media and high-power excitation at 980 nm suffers from the 
drawback that aqueous samples will be heated because of the local absorption maximum of 
water at this wavelength [55]. In contrast, the NIR to UV upconverted luminescence of the 
nanoengineered interface leads to a strong decrease of the signal in the UV range (Fig. 3.10B) 
for small analyte concentrations and low-excitation power density. All upconversion peaks in 
the UV and blue regions of the spectrum are influenced by the vitB12 concentration in terms 
of their intensity. For evaluation of the greatest peak change, a 2D color map of the relative 
changes in the luminescence intensity in the spectral range from 300 to 500 nm upon 
increasing vitB12 concentrations is shown (Fig. 3.10C). For the emissions at 360 and 450 nm, 
no significant change in the relative intensity is observed. The peak at 475 nm decreases at low 
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concentrations, similar to the one at 345 nm, but for the latter one, the dynamic range is larger. 
From Figure 3.13, it can be seen that there is no significant spectral overlap for the peak at 
450 nm; therefore, one explanation of the decrease may be attributed to the fact that the 
excited states in the UCNPs might not be fully independent, as they both get fed by energy 
transfer from Yb3+ ions. Another possible explanation might be that the gold also interacts with 
the deactivation pathway of the excited states of Tm3+ (Fig. 3.14). 
 
Figure 3.14Energy levels of Tm3+ and Yb3+ showing the transitions for 980 nm excitation of Yb3+ and the sequential energy transfer 
to Tm3+ to populate the states 1I2, 1D2, 1G4 and 3H5, resulting in emissions at 345 nm, 360 nm, 450 nm, 480 nm and 785 nm. Non-
radiative transitions are colored in black. 
Both postulations will be investigated in a future study describing the detailed photophysics 
of such nanoengineered interfaces. As a consequence, a wavelength of 400 nm is suggested 
as a reference signal, as it shows no dependence on the vitB12 concentration (Fig. 3.10C). For 
the emissions at 360 and 450 nm, nearly no change in the relative intensity is observed. The 
peak at 475 nm decreases at low concentrations, similar to the one at 345 nm, but for the latter 
one, the dynamic range is larger. 
Serum spiked with vitB12 at concentrations from 3 to 634 nM, without the need for any 
pretreatment and with a low consumption of sample volume (200 µL), demonstrates the 
performance of the nanoengineered interface in sensing via the plasmonic enhancement of 
the NIR to UV upconversion. Two methods for data evaluation were compared. The spectral 
overlap of the analyte with both upconversion emissions in the UV range and the change in 
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the peak area, integrated from 334 to 395 nm, were monitored as functions of the vitB12 
concentration. These results were compared with the change in the ratio I345 nm to I400 nm 
(Fig. 3.15A). 
 
Figure 3.15(A) Calibration plots of the upconversion luminescence for peak intensity (blue) at 345 nm or peak area (red) integrated 
from 334 to 395 nm in serum spiked with different amounts of vitB12. The luminescence spectra for both methods were normalized 
to the luminescence intensity recorded at 400 nm. Excitation was performed by a 980 nm laser module of ~13 W·cm-2 power density. 
(B) Cross sensitivity evaluated by the peak-intensity readout at 345 nm at concentrations of 634 nM for all molecules. The light-blue 
bars represent the changes in the intensity of the possible interfering substance, and the dark-blue bars show the impact of these 
substances on the vitB12 determination. 
Both methods of data evaluation correlated very well, as can be seen the almost identical 
sensitivities, and allowed the detection of vitB12 in the nanomolar range, which includes 
physiologically relevant levels in serum [30]. The analytical figures of merit are summarized in 
Figure 3.16 and Table 3.3. 
 
Figure 3.16Calibration plots of the upconversion luminescence for peak intensity (blue) at 345 nm in water and in serum, spiked 
with different amounts of vitB12. The luminescence spectra for both methods were normalized to the luminescence intensity 
recorded at 400 nm. Excitation was performed by a 980 nm laser module of ~13 W·cm-2 power density. 
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Table 3.3. Recovery rates for different amounts of vitB12 spiked into serum. 
 added /nM found /nM recovery rate /% 
sample1 3.20 3.18 ± 0.2 99.4 
sample2 63.30 62.9 ± 1.3 99.3 
sample3 158.3 158.0 ± 2.3 99.8 
sample4 633.1 631.5 ± 2.9 99.7 
The method has good selectivity toward molecules commonly present in serum that are known 
for their interference of classical fluorescence assays based on the Stokes shift (Fig. 3.17).  
 
Figure 3.17Absorption spectra of folic acid, ascorbic acid, pyridoxin hydrochloride and vitaminB12. These molecules are 
commonly indicated as possible interfering substances for assays for vitB12 based on fluorescence read-out. 
No cross-sensitivity was found for retinol, ascorbic acid, folic acid, or pyridoxin hydrochloride 
(Fig. 3.15B). The LOD for vitB12 determination with the nanoengineered interface was 
approximately one order of magnitude lower than those of established analytical technique 
like HPLC, Raman spectroscopy, fluorescence, and surface-plasmon resonance (Table 3.1). 
Immunoassays and mass spectrometry demonstrate the lowest LODs, with a remarkably low 
value of 0.063 fM for mass spectrometry. Those techniques suffer from costly instruments, 
numerous processing steps, and lengthy assay times. A microbiological assay already requires 
25 h exposure time, which is needed for the detection of vitB12 by HPLC [36]. Here, the 
nanoengineered interface with assay times of a few minutes and a LOD sufficient for biosensor 
applications is beneficial. The most important characteristic, which emphasizes the 
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capabilities of our system, is its label-free nature. Chemiluminescence (CL) and 
radioimmunoassay enable similar LODs, but they depend on labeling and high trained 
operators. 
The detection of vitB12 via CL relies on the presence of Co2+. Without a label, discrimination 
between free and unbound cobalt is not possible [35,56]. In contrast, the method presented 
in this work can also be used for online monitoring, as it does not require any label or sample 
pretreatment. Because of to the low-power excitation, cheap, small laser modules combined 
with microfluidics and a standard spectrometer the size of a match box can be used both of 
which make this approach attractive for sensing applications. In contrast to surface-plasmon 
resonance, the nanoengineered interface can be assembled on all optically transparent 
materials, and no need of high-refractive-index glass for coupling of surface plasmons is 
required. 
3.5 Conclusion 
In conclusion, an enhancement strategy of the NIR to UV upconversion of NaYF4:Yb,Tm is 
presented by the construction of an nanoengineered interface consisting of a glass slide 
modified with gold nanotriangle arrays with UCNPs on top. It was demonstrated that such an 
assembly enhances the emission peak at 344 nm by a factor of ~6 upon excitation at 980 nm 
with an excitation-power density of only 13 W·cm-2. Such low-power excitation makes this 
concept highly attractive for sensing applications based on luminescence detection in the UV 
region, especially in biological samples, as the NIR excitation avoids autofluorescence. This 
proof of concept can be used for an early readout of vitB12 in serum, where upregulated 
concentrations of vitB12 indicate the early stage of breast and liver cancer [57,58]. These 
results indicate that nanoengineered interfaces based on UCNPs deposited on nanotriangle 
arrays are promising for label-free, online monitoring of biomolecules. 
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 NIR-mediated Spatiotemporal Control of Stem 
Cell Behavior Using Multifunctional Upconversion 
Nanoparticle 
4.1 Abstract 
Spatial and temporal modulation of stem cell behaviors are of great significance in the field of 
stem cell biology and regenerative medicine. Due to intrinsic spatial and temporal resolution, 
light has been vastly involved to achieve stem cell behavioral control. Current UV-Vis based 
approaches are highly limited, due to non-specific absorption, poor tissue penetration and 
photo-toxicity. On the contrary, upconversion nanoparticles (UCNPs) have gathered growing 
attention for vast applications due to minimal tissue absorption, high penetration depth, and 
minimal photo-toxicity from near-infrared (NIR) excitations. Moreover, 808 nm NIR mediated 
upconversion nanomaterials have shown greater potentials for biomedical applications 
comparing to 980 nm NIR based systems concerning fewer heating effects from water 
absorption and deeper tissue penetration. Herein, we developed an 808 nm NIR mediated 
stem cell differentiation modulation method based on controlled release of differentiation 
factors from multi-shell upconversion nanoparticles capable of 808 nm NIR to UV 
upconversion which further toggles photo-switching polymer coatings to achieve spatial 
temporal resolution. Moreover, with 808 nm NIR excitation, small molecule differentiation 
factors can be released to guide neural stem cell differentiation in a highly controlled manner. 
Given the challenges in spatial and temporal stem cell behavior modulation, our developed 
808 nm NIR upconversion nanoparticle based neural stem cell differentiation control 
approach can represent a novel tool for studying single molecule roles in stem cell 
differentiation as well as developmental biology. 
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Figure 4.1Graphical abstract for NIR-mediated spatiotemporal control of stem cell behavior using multifunctional upconversion 
nanoparticles. 
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4.2 Introduction 
Stem cell functions and fate are dynamically orchestrated by various biomolecular as well as 
physical signals in a spatially and temporally controlled manner [1-3]. Achieving precise 
control of stem cell fate and functions is of great significance for studying physiological 
mechanisms, identifying pathogenic pathways, and developing enhanced treatments of 
devastating diseases [4]. For instance, neurogenesis is a complicated biological process that 
incorporates several cellular behaviors such as proliferation, differentiation, migration, axon 
growth and synapse formation [5-6]. To better investigate and further regulate the complex 
process of neurogenesis, light, especially NIR, would be an ideal probe and stimulus for 
modulating the spatiotemporal dynamics of signals in living cells and organisms with high 
resolution [7,8]. In this regard, the optogenetic research field has provided several tools for 
light-controlled genome editing and gene transfection [9-14]. Other alternative approaches 
are based on photo-caged small molecules [15] and photo-switching molecules [16,17] for 
light-dependent biological regulations [18-20]. Photo-responsive nanomaterials have gained 
increasing research interests for achieving cell behavior control due to their exceptional 
photo-physical properties [21-23]. However, current applications of light-mediated biological 
manipulation are heavily dependent on the need for UV/Vis wavelengths light as the major 
excitation source, which is limited by its phototoxicity, its low tissue penetration depth due to 
phenomena including light scattering, and autofluorescence [24-27]. Regarding the intrinsic 
limitations of UV/Vis spectrophotometric applications, a promising alternative strategy is the 
use of low energy NIR light as an excitation source and its conversion into UV or Vis light, a 
process known as photon upconversion. A NIR-controlled drug delivery systems (DDSs) can 
be an ideal approach with significantly reduced cytotoxicity and better tissue penetration 
capability [28-30]. Lanthanide-doped upconversion nanoparticles (UCNPs) are renowned for 
their remarkable ability to sequentially absorb multiple long wavelength photons to generate 
single short wavelength photons in an anti-Stokes fashion [31]. However, current UCNP 
systems majorly utilize 980 nm excitation, which causes severe heating effect due to the local 
water absorption at this wavelength with an absorption coefficient of 0.48 cm-1, thereby 
incurring thermal damages [32]. 
Recently, neodymium and ytterbium co-doped UCNPs have been demonstrated to have an 
808 nm sensitization capability; subsequently, they have gained tremendous attention due to 
their minimized heating effect [33-36]. Moreover, comparing to conventional 980 nm 
excitation (~2.0 cm), 808 nm excitation demonstrates at least 50% deeper tissue penetration 
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depth (~3.4 cm) [37-39]. Nevertheless, one of the major restraints on utilizing 808 nm 
excitation for wide bio-applications falls on the detrimental cross-relaxation from activators to 
Nd3+, leading to lower overall emission output as well as lower ultraviolet emission ratio [36]. 
The main strategy to mitigate this process is to utilize core – shell structure engineering to 
separate the Nd3+ from the activators [36,40-41]. Even though there is a clear need for various 
improvements on visible range emissions, which could be achieved with these 808 nm 
excitable core – shell architectures and their applications for neuroscience and stem cell 
biology, in the literature are only a small amount of systematic studies optimizing the UV 
upconversion emission yields for the development of such applications presented. 
To address the challenges above, herein, we developed a unique stem cell differentiation 
control system (UCNP@mSi@polyspiropyran) using a core – shell – shell 808 nm NIR-excited 
upconversion nanoparticles (UCNPs) that can generate UV emissions to trigger photo-
isomerization of polyspiropyran and achieve spatial and temporal control of small molecule 
factor release. Specifically, our unique 808 nm NIR-excited UCNPs were designed to be a 
multi-shell structure with compositional optimization for 808 nm NIR to UV upconversion 
(Fig. 4.1A). Subsequently, this UCNP was coated with a mesoporous silica shell as a small 
molecule reservoir and further functionalized with a photo-responsive polymeric shell 
containing spiropyran groups (UCNP@mSi@polyspiropyran) (Fig. 4.1B). In conjunction with 
the UCNP@mSi@polyspiropyran system, a small molecule named retinoic acid (RA), which is 
highly involved in various developmental processes including neurogenesis, was delivered to 
human induced pluripotent stem cell derived neural stem cells (hiPSC-NSCs) to promote 
neuronal differentiation in a controlled manner (Fig. 4.1C). The hiPSC-NSCs were selected for 
the stem cell neuronal differentiation, since the hiPSC-NSCs has been well established for 
their differentiation processes and translational potentials. While we used RA as a proof-of-
concept drug for neuronal differentiation, other differentiation factors can potentially be 
incorporated into the UCNP@mSi@polyspiropyran platform to regulate a broad range of stem 
cell lineage commitments as well. Thus, this 808 nm NIR-mediated differentiation control 
system can provide a variety of potential applications in stem cell therapy, neuroscience, and 
regenerative medicine. 
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Figure 4.2Scheme of controlled stem cell differentiation using 808 nm upconversion nanoparticles: Schematic diagram for energy 
migration mechanism comparison among Yb,Nd,Tm doped UCNPs and NaYF4:Yb,Tm@NaYF4:Yb,Nd structured UCNPs. Left: 
Yb,Nd,Tm doped UCNPs, cross-relaxations (red arrows) from Tm3+ to Nd3+ exists throughout the nanoparticle. Right: the 
NaYF4:Yb,Tm@NaYF4: Yb,Nd@NaYF4 UCNPs, cross-relaxation is blocked (red arrows with cross) due to spatial separation of the 
Tm3+ and Nd3+(A). Schematic diagram of the NIR mediated photoswitching on the constructed spiropyran polymer coated the 
NaYF4:Yb,Tm@NaYF4:Yb,Nd@NaYF4 UCNPs@mesoporous silica for small molecule on-demand release. (B) Proof of concept 
demonstration for NIR-based neural stem cell differentiation using the aforementioned spiropyran polymer coated upconversion 
nanoparticle system (C). 
4.2.1 Materials 
Lanthanide chloride hexahydrates (>99.9%) were purchased from Sigma Aldrich and 
Treibacher Industrie AG. Oleic acid and 1-octadecene (both technical grade, 90%) were 
obtained from Alfa Aesar. Ammonium fluoride, 2,3,3-trimethyl-3H-indole, 1-iodopropane and 
2-hydroxy-5-nitrobenzaldehyde, these chemicals were purchased from Sigma-Aldrich. All 
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chemicals were used as received, without any further purification. Solvents for NMR analysis 
(Cambridge Isotope Laboratories) were used as received. 
4.2.2 Methods 
Transmission electron microscopy (TEM) was implemented with a 120 kV Philips CM12 
microscope. A Malvern Zetasizer was used for dynamic light scattering (DLS). X-ray powder 
diffraction (XRD) patterns with a resolution of 0.005° (2θ) were collected using a Huber 
Guinier G670 diffractometer (www.xhuber.com) with a Cu source (Kα radiation, 
λ=1.54060 Å) operating at 40 kV and 30 mA. For the determination of the composition and 
concentration of the UCNPs a flame-EOP inductively coupled plasma optical emission 
spectrometer (ICP-OES) from Spectro (www.spectro.com) was used. Luminescence spectra 
of UCNPs were measured with an Aminco Bowman Series 2 luminescence spectrometer 
(Thermo Electron Corporation). The spectrometer was equipped with an external continuous 
wave 808 nm laser module (300 mW, ~15 mW·cm-2), obtained from Picotronic. The 
luminescence lifetime was measured by a homemade lifetime measurement setup consisting 
of 808 nm laser cw laser module (300 mW, ~15 mW·cm-2), optical chopper, temperature-
controlled cuvette holder with integrated magnetic stirrer, collection lens filter wheel and 
mount for optical fiber. UV-vis absorption spectra were recorded on a Varian Cary 50 
spectrophotometer. Fluorescence spectra were record on a Varian Cary Eclipse fluorescence 
spectrophotometer with external NIR lasers with a wavelength at 808 nm or 980 nm as 
excitation light source (CNI high power fiber coupled diode laser system, FC-W-980 and FC-
W-808). The total output powers for the lasers are tunable from 1 mW to 10 W. The power 
density was detected by 1916-R handheld optical power meter with 818P thermophile 
detector (purchased from Newport corporation, USA) Unless otherwise stated, all spectra 
were obtained from hexane dispersion of nanoparticles (1 wt%). Fluorescence emission 
decays of UCNPs were collected on an Edinburgh FLS920 fluorescence spectrometer with an 
external continuous 980 nm NIR LED laser diode (1.5 W), which was coupled with a chopper 
to modulate the excitation into pulse mode. 1H NMR and 13C NMR was acquired on Varian 
300 MHz NMR spectrometer. 
 Synthesis 
Synthesis of core particles NaYF4:X%Yb,0.3%Tm. The synthesis of Ln3+-doped NaYF4 
nanocrystals was performed by a modified procedure based on a protocol reported by 
Wilhelm et al. [42]. For the synthesis of 1 mmol β-NaYF4:Yb,Tm particles the corresponding 
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molar ratios of the lanthanide chlorides were dissolved in methanol (5 mL). Under nitrogen 
flow, oleic acid (8 mL) and 1-octadecene (15 mL) was added into a 50 mL three necked round 
bottom flask. This solution was heated to 160 °C and vacuum was applied for 30 min unless a 
clear solution was obtained. The solution was cooled to room temperature and 4.00 mmol 
NH4F and 2.5 mmol NaOH in 10 mL methanol were added and then the suspension was kept 
at 120 °C for 30 min before heating to reflux (ca. 320 °C). The heating-time was controlled by 
the appearance of upconversion luminescence in the synthesis flask via continuous excitation 
with a 980 nm cw laser module (200 mW). As soon as the upconversion luminescence can be 
identified by the bare eye, the solution is kept at reflux for additional 8 min. To obtain the fully 
transformation of the nanocrystals from the α- to the β-from and to receive monodisperse 
particles a heating time of 15 min turned out to be best. 
The particles were precipitated by the addition of excess of ethanol and collected by 
centrifugation at 1,000 g for 5 min. The precipitate was washed with chloroform/ethanol (1:10 
v/v) two times, and five times with cyclohexane/acetone (1:10 v/v) by repeated redispersion-
precipitation-centrifugation cycles. In the end, for removing aggregates, the particles were 
dispersed in 10 mL cyclohexane, centrifuged at 1,000 g for 3 min and the supernatant was 
collected. 
Synthesis of core – shell NaYF4:Yb,Tm@NaYF4:Yb,Nd and core – shell – shell 
NaYF4:Yb,Tm@NaYF4:Yb,Nd@NaYF4. Synthesis of shell-precursor material α-NaYF4: 
Yb,Nd and α-NaYF4. The synthesis procedure is identical to the synthesis of hexagonal 
NaYF4:Yb,Tm particles except the composition of the lanthanide chlorides and the last 
heating step under reflux. Here, the solution is kept for 30 minutes at 240 °C for receiving the 
cubic crystal lattice. Moreover, the purification protocol is the same as described above. Under 
nitrogen flow the core material NaYF4:25%Yb,0.3%Tm such as the shell precursor 
NaYF4:10%Yb,10%Nd were filled in a 1:3 ratio into 50 mL three necked round bottom flasks. 
Per 1 mmol total content of NaYF4-particles, 5 mL oleic acid and 5 mL 1-octadecene were 
added. After this the β-NaYF4-particles and also the precursor material for the shell-formation 
were heated to 100 °C and vacuum was applied for 1 h unless a clear solution was obtained. 
After this the β-NaYF4-particles were heated to reflux and the shell precursor was kept under 
nitrogen flow at 100 °C. Every 10 minutes an addition of the shell precursor to the α-
NaYF4:Yb,Nd-particles was made to form the shell. When the precursor material was 
consumed, the solution was kept for another 10 min at reflux. Then the solution was cooled 
to room temperature. The same protocol was used for growing a second inert shell of NaYF4 
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around the NaYF4:Yb,Tm@NaYF4:Yb,Nd particles. The precipitation and purification of the 
core – shell nanoparticles was performed according to the protocol described for 
redispersion-precipitation cycles of NaYF4:25%Yb,0.3%Tm. 
 Silica Shell Growing 
The silica shell was coated via the surfactant-assistant sol–gel coating method. UCNPs 
(100 mg) were added to 20 mL of Triton X-100 solution and 80 mL deionized (DI) water was 
added before the solution was treated with sonication for 10 min. The solution was allowed to 
stir for 6 h and the nanoparticles were collected after centrifugation. The UCNPs were washed 
with water and then dispersed into a mixture of ethanol (160 mL), DI water (40 mL) and 2 mL 
of 28 wt% ammonia aqueous solution. The mixture was stirred for 30 min and then 0.06 g of 
TEOS was added. After 6 h, the product was collected by centrifugation. 
 hiPSC-NSC Culture and Differentiations 
To culture hiPSC-NSC (p = 3), cell culture dish was first coated with laminin (0.65 $g·cm-2) 
dissolved in hank's balanced salt solution the incubator for 2 h. TrypLE (reagent which 
replaces trypsin) was used to detach hiPSC-NSCs from the cell culture dish. Approximately 
45,000 cells were seeded in the 12-well cell culture dish containing the presterilized substrates 
bearing nanosized graphene oxide (NGO) patterns. After two days of cultivation to promote 
cell attachment and alignment, 0.5% fetal bovine serum (FBS) of human adipose stromal cells 
(ASC) medium was changed to osteogenic medium containing 100 nM dexamethasone, 
50 $M ascorbic acid and 10 mM β-glycerol phosphate to start osteogenic differentiation of 
hiPSC-NSCs. The medium was changed every 5 days during the differentiation. In the case of 
neurogenesis, the hiPSC-NSCs were first induced toward an ectodermal (neural) lineage using 
a modified media formulation. Briefly, the hiPSC-NSCs were first grown to >90% confluence 
in 0.5% FBS ASC medium. Half of the cell culture media was the exchanged with neural 
induction media (NIM) (Dulbecco's modified eagle medium/nutrient mixture F-12 (DMEM-
F12), 2% B27 (neuronal cell culture), 1% penicillin/streptomycin) supplemented with 
20 ng·mL-1 epidermal growth factor (EGF), 20 ng·mL-1 basic fibroblast growth factor (bFGF) 
and 10 ng·mL-1 brain-derived neurotrophic factor (BDNF). The media was then completely 
exchanged with the growth factor supplemented NIM. After a total of 10 days, the neural-
induced hiPSC-NSCs were detached using accutase and seeded on the laminin-coated 
(10 $g·mL-1) substrates. Cells were then cultured in NIM supplemented with bFGF and BDNF, 
and the media was exchanged every 4-5 days. 
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 Immunocytochemistry and Fluorescence Imaging 
For actin staining of hiPSC-NSC, cells were washed with Dulbecco's phosphate-buffered 
saline (DPBS) (pH 7.4) and fixed with 4% formaldehyde solution for 10 min at room 
temperature (RT), followed by three times of washing with DPBS. Cells were then treated with 
0.1% Triton X-100 in Phosphate-buffered saline (PBS) for 5 min, washed with DPBS and 
stained with Alexa Fluor 546 phalloidin-containing solution for 20 min at RT. After washing 
cells with DPBS for two times, actin-stained cells were placed on the slide glass using ProLong 
Gold Antifade Mountant as mounting solution for fluorescence imaging. For 
immunofluorescence staining, cell fixation was same as actin staining described as above. 
After cell fixation, cells were treated with 0.3% Triton X-100 solution containing 10% normal 
goat serum for 1 h in cell culture hood. Solution containing primary antibody specifically binds 
to neuron-specific class III β-tubulin (TuJ1) was applied and kept for 1 h, followed by washing 
with DPBS. Secondary antibody (anti-mouse IgG) was further applied to tag primary antibody, 
kept for 1 h and washed with DPBS. Finally, Hoechst (3$g·mL-1) was used to stain nucleus for 
immunofluorescence imaging (Eclipse TiU, Nikon, Japan). 
4.3 Results and Discussion 
To utilize NIR as an excitation source for the spiropyran photo-switching reaction, an efficient 
NIR to ultraviolet-visible light converter is an essential prerequisite (Fig. 4.2B). We achieved 
this goal by designing and synthesizing core – shell – shell UCNPs possessing tandem-
sensitization based on Nd3+ and Yb+3 ions [26,27]. Neodymium ions are known for a 10 times 
higher absorption cross-section of about 10-19 cm2 compared to Yb3+ [42]. Specifically, this 
approach shifts the excitation wavelength from 980 nm to 808 nm which, thereby, it prevents 
sample heating (Fig. 4.3) as water shows a significant lower absorption at 808 nm compared 
to 980 nm-excitation conditions [42]. 
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Figure 4.3Core – shell particles NaYF4:Yb,Tm@NaYF4:Yb,Nd:@PAA colloidal stable in aqueous solution and excited by a 980 nm 
(200 mW, cw) and 808 nm (200 mW, cw) laser module (n = 3). It needs to be mentioned that only 4% of the sample volume is excited 
by the low power laser of 200 mW. The 808 nm excitation shows only a slight increase in temperature while the 980 nm excitation 
shows an increase up to 40°C within 20 min illumination. 
Furthermore, typically 808 nm excitation is known for a deeper tissue-penetration capability, 
which is favorable for the desired application [43]. In our experiment presented in Figure 4.4, 
we also demonstrated this phenomenon by a comparison 980 nm and 808 nm excitation in a 
10 cm glass cuvette filled with aqueous solution containing 2 mg·mL-1 
NaYF4:Yb,Tm@NaYF4:Nd,Yb@NaYF4 UCNPs. 
 
Figure 4.4A 10 cm long glass tube was filled by an aqueous dispersion (2 mg·mL) of core – shell particles from the type 
NaYF4:Yb,Tm@NaYF4:Yb,Nd@PAA and illuminated by 980 nm (from the left) and 808 nm (from the right) laser excitation (200 mW, 
cw) to demonstrate the deeper penetration by 808 nm excitation. 
NaYF4 was selected as host material due to its low lattice phonon energy of about 350 cm-1 
[44]. The general design consist of a NaYF4:Yb,Tm core and two shells with different 
functions: the first shell (NaYF4:Yb,Nd) as an 808 nm photon-absorbing shell and the second 
inert shell (NaYF4), to protect Yb3+ ions against surface quenching (Fig. 4.5, top panel). 
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Figure 4.5Nanoparticle synthesis, surface functionalization and photophysical characterizations. Top: TEM characterization 
showing size and morphology evolution of the NaYF4:Yb,Tm@NaYF4:Yb,Nd@NaYF4 core – shell – shell structured UCNPs. Bottom: 
TEM characterization showing the subsequent surface coating (mSi), functionalization (initiator), and surface initiated atomic transfer 
radical polymerization (polyspiropyran) (A). Upconversion luminescence comparison of different sensitizer Yb3+ in the core 
(0 – 35 mol%). Inset: quantitative comparison of UV emission (360 nm) peak intensity of different Yb3+ concentration (B). 
Upconversion luminescence comparison of different co-sensitizer concentration in the sensitizing shell (C). 
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Figure 4.6TEM-images and particle size distribution of core shell particles with increasing Yb3+ content from 5% to 35% in the core 
(NaYF4:X%,0.03%Tm@NaYF4:10%Yb, 10%Nd). 
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Detailed luminescence studies regarding size and doping-ratio of the core and the shells were 
performed to achieve the best efficiency for 360 nm emissions, which triggers the drug release. 
Core – shell nanoparticles (NaYF4:X%Yb,0.3%Tm@NaYF4:10%Nd,10%Yb) of a core 
diameter of ~24 nm with variations in Yb3+ doping from 5-35% and a shell thickness of ~4 nm 
(estimated from TEM images, Fig. 4.6) were synthesized for the following experiments and 
applications. 
Here the highest emission at 360 nm, verified by luminescence intensity (Fig. 4.5B) and 
lifetime measurements (Fig. 4.7), was obtained by a doping ratio of 25% for Yb3+ in the core. 
 
Figure 4.7Luminescence decay data of core – shell nanoparticles (NaYF4:X%Yb,0.03%Tm@NaYF4:10%Yb,10%Nd) dispersed in 
cyclohexane. All data (n = 3) were collected with an 808 nm (200 mW) laser module. 
An additional study of variations in the doping ratio of Yb3+ (5 - 15%) and Nd3+ (5 - 15%) in the 
shell revealed that for both lanthanide ions a content of 10% showed the optimal upconversion 
efficiency (Figs. 4.5C and 4.8). 
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Figure 4.8TEM-images and particle-size distribution of core – shell particles with varied Nd3+ and Yb3+ content in the shell 
(NaYF4:25%,0.03%Tm@NaYF4:X%Yb,X%Nd). 
A second additional inert shell of less than 2 nm thickness was grown on the optimized 
core – shell particles (NaYF4:25%Yb,0.3%Tm@NaYF4:10%Nd,10%Yb) to reduce quenching 
by surface defects and therefore additionally increasing the upconversion emission at 360 nm 
by 33% (Fig. 4.9). 
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Figure 4.9Luminescence spectra of the core – shell particles (NaYF4:25%,0.03%Tm@NaYF4:10%Yb,10%Nd) and the 
core – shell – shell particles (NaYF4:25%,0.03%Tm@NaYF4:10%Yb,10%Nd)@NaYF4 colloidal stable in aqueous solution and 
excited by an 808 nm laser module (200 mW, cw). 
As a result, 808 nm excitable, monodisperse, pure hexagonal, core – shell – shell 
upconversion nanoparticles (NaYF4:24.5%Yb,0.27%Tm@NaYF4;9.9%Nd,10.5%Yb@NaYF4) 
with a size of 36 ± 0.9 nm was obtained. The mono-dispersity was verified TEM image 
measurements (Figs. 4.10A and 3.10B) as well as DLS (Fig. 4.10C). In addition, the hexagonal 
crystal lattice was confirmed by XRD measurements (Fig. 4.10D). The final core – shell – shell 
UCNPs structural and compositional information was calculated (Table 4.1) and measured 
with an inductive coupled plasma optical emission spectrometry. 
NIR-mediated Spatiotemporal Control of Stem Cell Behavior Using Multifunctional Upconversion Nanoparticle  89 
 
Figure 4.10Transmission electron micrographs (A), corresponding particle-size distributions (B), dynamic light scattering analysis 
(C) and XRD-patterns (D) of hexagonal-phase, oleate-capped 
NaYF4:25%Yb,0.3%Tm,NaYF4:25%Yb,0.3%Tm@NaYF4:10%Yb,10%Nd and 
NaYF4:25%Yb,0.3%Tm@NaYF4:10%Yb,10%Nd@NaYF4 nanocrystals (from left to right). The scale bars represent 60 nm. The 
standard reference pattern of hexagonal NaYF4 is presented in black for all XRD-measurements β-NaYF4 (ICDD PDF #16-334). 
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Table 4.1. Overview of the lanthanide contents in the core, core – shell and core – shell – shell particles 
determined by inductively coupled plasma optical emission spectroscopy (n = 3). The radius of the particles was 





lanthanide content /% 
Y3+ Tm3+ Yb3+ Nd3+ 
core NaYF4(25%Yb,0.3%Tm) 12.65 ± 0.3 75.0 ± 0.12 0.27 ± 0.01 24.5 ± 0.09  
active shell NaYF4(10%Yb,10%Nd) 4.15 ± 0.4 79.6 ± 0.22  10.5 ± 0.11 9.9 ± 0.07 
inert shell NaYF4 1.80 ± 0.5 101 ± 0.05    
As a result, the 808 nm sensitizing core – shell – shell particles show a higher efficiency for 
360 nm emission, resulting in a peak ratio (I360 nm/I475 nm) of 0.53 compared to the classical 
980 nm sensitizing particles (NaYF4:25%Yb,0.3%Tm), having a peak ratio of 0.3, therefore 
making them attractive for a controlled drug release application. 
To efficiently deliver RA as the neurogenic factor, a mesoporous silica (mSi) layer was further 
coated on the NaYF4:Yb,Tm@NaYF4:Nd,Yb@NaYF4 particles, as demonstrated by a 
representative TEM image in Figure 4.3A (bottom panel). Furthermore, a photoresponsive 
polymer containing spiropyran-based moieties was synthesized through surface-initiated 
atomic transfer radical polymerization (ATRP). The 1H-NMR spectroscopy results confirm the 
photoresponsive monomer. Spiropyran methacrylate (SPMA) was successfully prepared 
(Fig. 4.11). 
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Figure 4.111H-NMR spectrum (300 MHz) of spiropyran methacrylate (SPMA). 
The UCNP@mSi-PSPMA particles were prepared by ATRP from an UCNP@mSi-Br initiator. 
The resulting UCNP@mSi-PSPMA particles were characterized by TEM. In Figure 4.3A, the 
characteristic TEM images of the mesoporous silica coating (left), ATRP initiator 
functionalization (middle), SPMA and acrylic acid (AA) functionalization (right) is shown. The 
multi-shell UCNPs show a diameter of 37 nm and the total size including mesoporous silica 
shell reach up to a particle diameter of 83 nm. With the functionalization of the 
2-bromoisobutyryl bromide onto the amine coated mesoporous silica surface, a thin layer of 
initiator corona can be found (Fig. 4.3A, middle panel). The final polymer coating was grafted 
in a sequential manner. Firstly, a functional polymer of polyspiropyran methacrylate was 
grafted onto the initiator modified mesoporous silica surface. Due to the active initiator site on 
the polyspiropyran methacrylate, a colloidal stable polymer layer poly(acrylic acid) was further 
grafted onto the spiropyran polymer coated UCNPs. The final UCNP@mSi@poly-spiropyran 
nanoparticles presents a hydrodynamic size of 144 nm (PDI = 0.204). 
To assess the efficiency of the nanoparticle's cellular uptake and its ability to deliver a 
neurogenic factor (RA) in spatiotemporally controlled manner, we performed a fluorescence 
imaging analysis on hiPSC-NSCs that were transfected with UCNP@mSi@polyspiropyran. To 
improve the cellular uptake efficiency of the UCNP@mSi@polyspiropyran, an 
arginylglycylaspartic acid (RGD peptide was conjugated on to the nanoparticle surface, 
promoting the cellular uptake of UCNPs via RGD-mediated integrin binding to the cell 
membrane receptors which further facilitates receptor-mediated uptake processes 
(Fig. 4.12A). As shown in Figure 4.12B, upconversion luminescence and fluorescence 
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microscope images confirm that the different hiPSC-NSCs uptake behaviors after 24 h 
incubation with UCNP@mSi@polyspiropyran (control) and RGD-modified 
UCNP@mSi@polyspiropyran (experiment). 
 
Figure 4.12Intracellular localization and temporal spatial control of UCNP@mSi@polyspiropyran: Schematic illustration of uptake 
process of the constructed spiropyran polymer coated upconversion nanoparticle (A). Fluorescence microscopy images of iPSC-
NSCs stained with 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO) (membrane: green) and NucBlue® (nucleus: blue) after 24 h 
incubation with RGD modified UCNP@mSi@polyspiropyran and UCNP@mSi@polyspiropyran (scale bar: 50 !m) (B). Percentage of 
UCNP@mSi@polyspiropyran in iPSC-NSCs (C). 808 nm mediated temporal controlled release of fluorescein as model drug (D). 
Schematic diagram showing spatial and temporal control of small molecule release in neural stem cell colony culture (E). Fluorescence 
microscopy characterization of fluorescein spatial controlled release in induced pluripotent stem cell-derived neural stem cell colony 
culture (scale bar: 1000 !m) (F). 
The data from Figure 4.12C, on the other hand, shows quantification for the percentage of 
hiPSC-NSCs with UCL positive signal, therefore supporting our hypothesis that RGD-
modified UCNP@mSi@polyspiropyran can have significantly more efficient cellular uptake in 
hiPSC-NSCs compared with non-RGD-modified constructs (UCNP@mSi@polyspiropyran). 
Meanwhile, the cell viability under 808 nm laser irradiation and UCNP@mSi@polyspiropyran 
transfection conditions were fully characterized for further formulation of NIR mediated 
neurogenesis. As shown in Figure 4.13A, a general decreasing trend in cellular viability 
corresponding to increasing 808 nm laser power densities was observed. For our experimental 
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conditions, a low power density of 1.05 W·cm-2 was chosen, due to the minimal toxicity at this 
setting. Minimal toxicity was also observed from the nanoparticle constructs up to a 
100 $g·mL-1 concentration (Fig. 4.13). 
 
Figure 4.13808 nm laser iPSC-NSC cell viability with different power densities (5 min exposure time) (A). 
UCNP@mSi@polyspiropyran nanoparticle cytotoxicity with different concentration (0 – 200 mg·mL-1) (Error bars represent 
mean ± s.d.; n = 3) (B). 
An 808 nm irradiation of the UCNP@mSi@polyspiropyran suspension in PBS (pH 7.4) 
showed the release of RA, as confirmed by UV absorption analysis on the collected 
supernatant buffer. Additionally, the temporal control of drug delivery with an innovative NIR-
triggering on-off switchable drug release ability from UCNP@mSi@polyspiropyran was 
demonstrated (Fig. 4.12D). This result clearly demonstrates the spatial controlled release of 
the drug by the UCNP@mSi@polyspiropyran particles in response to the 808 nm NIR 
stimulation in a dose dependent manner. In addition, to demonstrate the spatial small molecule 
control capability, as shown in Figures 4.12E and 4.12F, a localized small molecule release in 
the center colony within a 3"3 array of hiPSC-NSCs colonies was observed from the 
fluorescence microscopy with 808 nm NIR irradiation. The details are presented in 
Figures 4.14 - 4.16. 
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Figure 4.14Phase contrast microscope images of hiPSC-NSC proliferation under normal condition and SP-
UCNP(UCNP@mSi@polyspiropyran) treatments. Minimal difference in hiPSC-NSC cell morphology and proliferation rate is 
observed during the culture period. 
 
Figure 4.15Immunofluorescence microscope images of hiPSC-NSCs proliferation marker Ki67 under normal condition and SP-
UCNP (UCNP@mSi@polyspiropyran) treatments (A). Quantitative analysis of percentage of Ki67 positive cells between the two 
groups. No significant difference was found showing minimal effect of the SP-UCNP on the proliferation of hiPSC-NSCs (B). 
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Figure 4.16Immunofluorescence microscope images of iPSC-NSCs marker Nestin (Neural Stem Cell marker) under normal 
condition and SP-UCNP (UCNP@mSi@polyspiropyran) treatments (A). Quantitative analysis of percentage of Ki67 positive cells 
between the two groups. No significant difference was found for the SP-UCNP and the control measurement on the multipotency of 
hiPSC-NSCs) (B). 
Recent advances in stem cell biology hold great potential in developing new approaches for 
the treatment of many devastating neuro-generative diseases and genetic disorders. Stem cell-
based therapies for regenerating functional neurons and restoring neuronal functions to 
damage central nervous system areas can be much beneficial for realizing stem cell therapy for 
neurodegenerative diseases. Such approaches, however, require the generation of engraftable 
cell sources of functional neural cells and better control of stem cell neuronal differentiation 
in a spatiotemporally controlled and safe manner. Upon construction of the small molecule 
delivery system, we evaluated the ability of RGD-modified UCNP@mSi@polyspiropyran for 
the release of RA under 808 nm excitation to induce neuronal differentiation of hiPSC-NSCs 
in vitro. As can be seen in Figure 4.17A, hiPSC-NSCs were treated with RGD-modified 
UCNP@mSi@polyspiropyran containing RA molecules and exposed to 808 nm light 
(1 W·cm-2) for 15 min (5-minute exposure intervals) prior to further culturing and stem cell as 
saying. After 5 days of culturing, an immunofluorescence assay (Fig. 4.17B) and a real-time 
polymerase chain reaction (qPCR) (Fig. 4.17D) were conducted to evaluate the hiPSC-NSCs 
neuronal differentiation. Specifically, as shown in Figure 4.17B, the negative controls 
(“control”: no NP treatment; “dark control”: NP treatment without 808 nm exposure) present 
a significant lower expression of early neuronal markers such as neuron-specific class III β-
tubulin (TuJ1) compared to the experimental group (NP treatment with 808 nm exposure). As 
depicted in Figure 4.17C, cells treated with nanoparticles and 808 nm laser exposure 
displayed a dramatic morphological change compared to the control group and the dark 
control group, demonstrating a typical neurite outgrowth morphology indicating neuronal 
lineage commitment. Such morphological change was measured by quantifying neurite length 
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according to the TuJ1 immunofluorescence staining, with the experimental group showing 
significantly more and longer neurite outgrowths compared to the other two control groups 
(Fig. 4.17C). Furthermore, the experimental group showed an elevated TuJ1 mRNA 
expression level, confirmed through qPCR (Fig. 4.17D). 
To further evaluate the maturity and functionality of the differentiated neurons, the 
experimental group was further differentiated to 14 days for mature neuronal marker and 
neuronal activity characterizations. As shown in Figures 4.17E and 4.17F, the immunostaining 
results showed that the UCNP@mSi@polyspiropyran based RA delivery system were a robust 
and effective method for the induction of neural differentiation in hiPSC-NSCs, displaying 
highly elevated neuronal mature markers, microtubule-associated protein 2 (MAP2) and 
synapsin. In order to further characterize the differentiated neurons' functionality, we 
performed calcium imaging to test the differentiated neurons response to cellular potential 
differences. Functionally active neurons spontaneously fire action potentials that allow for the 
influx in the concentration of cations including calcium. Using a commercially available 
calcium indicator dye, Fluo-4, changes in intracellular calcium concentrations were visualized 
(Fig. 4.17G). Furthermore, the fluorescence changes were quantified and observed for 
spontaneous fluctuations of calcium ions in the active neuron over a 250 second period while 
the control inactive neuron did not show any changes in fluorescence intensity (Fig. 4.17H). 
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Figure 4.17NIR-mediated control of neural stem cell neurogenesis and maturation. (A) Schematic diagram of the in vitro 
differentiation control of hiPSC-NSCs. (B) Immunofluorescence microscope images of hiPSC-NSCs staining against key neuronal 
marker (TuJ1 red fluorescence; λEx = 594 nm, λEm = 615 nm) after treatment with UCNP@mSi@polyspiropyran (scale bar = 100 !m). 
(C) Quantification comparison of the morphological change (neurite growth) during the NIR mediated iPSC-NSCs differentiation 
process. (D) Gene expression analysis using qPCR in hiPSC-NSCs reveals that the NIR mediated iPSC-NSC differentiation correlates 
with an up-regulation of TuJ1. (Percent fold up-regulation of TuJ1 was calculated by normalizing to the housekeep gene, GAPDH, 
from the control) (Error bars represent mean ± s.d.; n = 3, * p < 0.05, by one-way ANOVA with Tukey post-hoc test). (E) Immuno-
fluorescence microscope characterization of the differentiated neurons staining against key late neuronal marker MAP2 (green 
fluorescence) along with TuJ1 staining after treatment with UCNP@mSi@polyspiropyran (scale bar = 50 !m). (F) Immuno-
fluorescence microscope characterization of the differentiated neurons staining against key late neuronal marker synapsin (green 
fluorescence) along with TuJ1 staining after treatment with UCNP@mSi@polyspiropyran (scale bar = 50 !m). (G) Fluorescence 
microscope image of NIR mediated differentiated neurons stained with a commercially available calcium indicator dye, Fluo-4 (scale 
bar = 25 !m) Inset: Spontaneous calcium fluctuations determined by Fluo-4 fluorescence (green) for an active neuron (white circle) 
(scale bar = 20 !m).Traces for the fluorescence change representing spontaneous calcium ion influx for an active neuron (dark grey 
line) and an inactive neuron (light grey line) (H).  
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4.4 Conclusion 
In summary, we have demonstrated an application of 808 nm NIR-mediated spatiotemporal 
control of stem cell fate using UCNPs having the capability of targeted and on-off switchable 
drug release responding to external stimuli. Our NIR-triggering DDSs could be used for the 
development of novel ex vivo and in vivo control of stem cell behaviors such as differentiation, 
proliferation, and migration. These novel methods complement recent advances in the 
principle, design, and synthesis of photonic nanomaterials with various bio applications. While 
the ability to delivery nanoparticle constructs to the targeted cells as well as release soluble 
cues under internal/externa stimuli in a spatiotemporally controlled manner is critical for the 
advanced nanoparticle-based drug delivery. This method could also provide a unique 
extension of nanotechnology to stem cell biology and neuro-regenerative medicine. In 
addition, the application of NIR-medicated drug delivery to modulate the key signaling 
pathways is important not only for selective stem cell fate control but also for dissecting 
signaling cascades affected by other stem cell microenvironments such as cell-cell interactions 
and biophysical/mechanical cues. Collectively, our strategy for NIR-mediated spatiotemporal 
control of stem cell differentiation using multifunctional UCNPs has significant potential for 
stem cell biology, in vivo drug delivery, and therapy. 
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 Yb,Nd,Er-Doped Upconversion Nanoparticles: 
980 nm versus 808 nm Excitation 
5.1 Abstract 
Yb,Nd,Er-doped upconversion nanoparticles (UCNPs) have attracted considerable interest as 
luminescent reporters for bioimaging, sensing, energy conversion/shaping, and anticounter-
feiting due to their capability to convert multiple near-infrared (NIR) photons into shorter 
wavelength ultraviolet, visible or NIR luminescence by successive absorption of two or more 
NIR photons. This enables optical measurements in complex media with very little 
background and high penetration depths for bioimaging. The use of Nd3+ as substitute for the 
commonly employed sensitizer Yb3+ or in combination with Yb3+ shifts the excitation 
wavelength from about 980 nm, where the absorption of water can weaken upconversion 
luminescence, to about 800 nm, and laser-induced local overheating effects in cells, tissue, and 
live animal studies can be minimized. To systematically investigate the potential of Nd3+ 
doping, we assessed the performance of a set of similarly sized (Yb3+,Nd3+,Er3+)-doped core 
and core – shell UCNPs of different particle architecture in water at broadly varied excitation 
power densities (P) with steady state and time-resolved fluorometry for excitation at 980 nm 
and 808 nm. As a measure for UCNPs performance, the P-dependent upconversion quantum 
yield (ΦUC) and its saturation behavior were used as well as particle brightness (BUC). Based 
upon spectroscopic measurements at both excitation wavelengths in water and in a lipid 
phantom and BUC-based calculations of signal size at different penetration depths, conditions 
under which excitation at 808 nm is advantageous are derived and parameters for the further 
optimization of triple-doped UCNPs are given. 
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Figure 5.1Graphical abstract for (Yb3+,Nd3+,Er3+)-doped upconversion nanoparticles: 980 nm versus 808 nm excitation. 
This chapter has been published. Lisa Marie Wiesholler, Florian Frenzel, Bettina Grauel, 
Christian Würth, Ute Resch-Genger, Thomas Hirsch. Nanoscale, 2019, 
doi:10.1039/C9NR03127H. 
Author contributions: This chapter is submitted for peer reviewing, and LMW and FF 
contributed equally to this publication. LMW designed, synthesized the NaYF4:Yb,Er,Nd 
particle systems and performed the surface modification. The characterization including 
luminescence spectra of all systems were performed by LMW. The absorption cross-section 
of the sensitizers within the particle were measured by LMW. The experimental set-up was 
designed and realized together with TH. The quantum yield measurements and brightness 
calculation were carried out by FF with input by CG while the decay data were measured 
together with BG during a research visit of LMW at Federal Institute for Materials Research 
and Testing (BAM). During the whole process, LMW and TH discussed consequently results 
with the group of the BAM and planned further steps. All experiments with phantom tissue 
were carried out LMW. LMW wrote the manuscript excluding the photophysical part. TH and 
URG revised the manuscript and are both corresponding authors. 
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5.2 Introduction 
Lanthanide (Ln3+)-doped upconversion (UC) nanoparticles (UCNPs) with their high 
(photo)chemical stability and low biological toxicity have attracted considerable interest as 
luminescent reporters for bioimaging, sensing, energy conversion/shaping, and anticounter-
feiting due to their capability to convert multiple near-infrared (NIR) photons into shorter 
wavelength ultraviolet (UV), visible (vis) or NIR UC luminescence (UCL; NIR-to-UV/vis/ 
(shorter) NIR conversion) by successive absorption of two or more NIR photons in a system 
of real energy levels of Ln3+ ions [1-11]. This enables e.g. optical measurements with zero 
background fluorescence and high penetration depths for imaging [12,13] in tissue and can 
be exploited for the intracellular conversion of NIR into vis light for photoactivation in opto-
genetics [14-18]. Other unique properties of UCNPs are a multitude of largely anti-Stokes 
shifted sharp and characteristic emission lines in the UV/vis/NIR, defined by the Ln3+-dopants, 
microsecond lifetimes ideal for lifetime multiplexing and time-gated emissions [19,20], and 
lack of intermittence/blinking [21]. UCNPs have been recently used also for super-resolution 
nanoscopy [22]. Additionally, the downshifted or often termed downconverted luminescence 
(DCL; e.g., NIR-to-(longer wavelength) NIR conversion) of Ln3+ ions at λem > 1,000 nm (e.g., 
Nd3+, Er3+) [23] makes them attractive multiple emitters for the emerging short wavelength 
infrared (SWIR; ca. 1,000 to 1,700 nm) spectral region [11,23-25]. Much effort has been de-
dicated in the last years to gain better insights into the UC mechanisms of Ln3+-doped 
hexagonal NaYF4 nanoparticles and other UCNPs to derive structural and morphological 
requirements for high UC efficiencies and signal intensities. Crucial for UCL can be size, i.e., 
surface-to-volume ratio, due to luminescence quenching by surface defects and high energy 
vibrations from ligands and water molecules [26-30]. As for some applications like in vivo 
bioimaging, UCNPs with sizes % 20 nm or even % 5 nm are desired, several systematic studies 
on UCNPs photophysics have been performed to make very small particles brighter, to derive 
models for surface quenching, and to estimate upper size limits for the so-called “nanoscale 
effect” [29,31-35]. As UCNPs photophysics are largely controlled by energy transfer (ET) 
processes, the efficiencies of which depend on inter-ion distance R (ET efficiency ~R-6 for 
dipole-dipole mechanism, and ~ exp[-R/R0] for exchange coupling) and on the population of 
the energy levels of the sensitizer and activator ions, different factors affecting these quantities 
have been assessed.7 This includes approaches to optimize Ln3+ dopant concentrations and 
tuning of Ln3+-Ln3+ distances, [21,36-38] tight surface passivation and protection shells with 
thicknesses of about 5 nm [39,40]. Other parameters studied are the lattice and crystal phase 
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of the host, which determine the local symmetry and crystal field faced by the Ln3+ ions, the 
controlled spatial arrangement of dopants in separated layers of sophisticated core – shell 
structures, [41,42] and high excitation power densities (P) to compensate for quenching 
effects [43]. These studies revealed also the importance to adjust and optimize dopant 
concentrations to application-relevant P ranges [44]. 
One approach to boost UCL in aqueous environments is the use of Nd3+, known for a relatively 
large absorption cross-section for Ln3+ ions, as substitute for the commonly employed 
sensitizer Yb3+ or in combination with Yb3+ [21]. Thereby, also the excitation wavelength is 
shifted from 980 nm, where absorption of water can weaken UCL, to about 800 nm, and laser-
induced local overheating effects in cells, tissue, and live animal studies can be minimized. This 
led to the introduction of Nd3+ as sensitizer and to an increasing number of Nd3+-co-doped 
UCNPs varying in core and shell design and host matrix [4,5,8-13]. Nevertheless, the UCL of 
simple Nd3+,Yb3+-doped UCNPs is often less efficient than that of their Yb3+-based 
counterparts, particularly in simple Nd3+-based systems, as the Nd3+ ion has a much more com-
plicated energy level diagram than Yb3+. Higher doping concentrations of Nd3+ can induce 
deleterious cross-reaction (CR) ET between Ln3+ activators and Nd3+ ions, leading to a 
reduction in UCL efficiency. Consequently, the Nd3+ doping concentration is commonly kept 
either below 1 mol-% e.g., in (Nd3+,Yb3+,Ln3+)-triple-doped UCNPs or cascade ET processes 
together with higher Nd3+ concentrations are utilized to enhance UCL in (Nd3+,Yb3+)-co-
doped UCNPs. This is realized in core – shell structures built to ensure successive Nd3+ → Yb3+ 
→ (Er3+,Ho3+,Tm3+) ET [45]. Recently, the need for onion-layered structures with Nd3+ confined 
within a layer, has been, however, questioned by demonstrating efficient UCL in 
NaYF4:Yb,Er(Tm)@NaYF4 UCNPs with Nd3+ coordinated to cucurbituril used as organic 
surface capping [46]. 
To shed more light on the potential of Nd3+ doping, we systematically assessed the 
performance of a set of similarly sized (Yb3+,Nd3+,Er3+)-doped core and core – shell UCNP of 
different particle architecture in water at broadly varied P with steady state and time-resolved 
fluorometry at excitation wavelengths of 980 nm (Yb-excitation) and 808 nm (Nd-excitation). 
As a measure for UCNP performance, the P-dependent UC quantum yield (ΦUC) and its 
saturation behavior were used as well as particle brightness (BUC). The latter equals the product 
of the absorption cross-section of a UCNP at the chosen excitation wavelength, which is 
controlled by the (average) particle size and (average) number of absorbing Ln3+ ions, and ΦUC. 
Based upon spectroscopic measurements at both excitation wavelengths in water and in a lipid 
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phantom and BUC-based calculations of signal size at different penetration depths, conditions 
under which excitation at ~808 nm is advantageous are derived and parameters for the further 
optimization of triple-doped UCNPs are given. 
5.3 Materials and Methods 
5.3.1 Chemicals and Characterization Methods 
Lanthanide chloride hexahydrates (>99.9%) were purchased from Sigma Aldrich and 
Treibacher Industrie AG. Intralipid, a phospholipid stabilized soybean oil, 20% emulsion was 
bought from Sigma Aldrich. All other chemicals were of technical grade and used as received. 
Oleic acid and 1-octadecene were obtained from Alfa Aesar. Nitrosonium tertrafluoroborate, 
poly(acrylic acid) (Mw ~2,100) was purchased from Sigma Aldrich and the Ln3+ multielement 
stock solution from Perkin Elmer. All other chemicals were obtained from Sigma Aldrich, 
Merck or Acros. 
The size of the nanoparticles was determined by transmission electron microscopy (TEM) 
with a 120 kV Philips CM12 microscope on carbon coated copper grids (400 mesh) from 
Plano. For sample preparation, 10 $L of a particle dispersion (cyclohexane; 1 mg·mL-1) were 
dropped on the grid and the solvent was allowed to evaporate. For the determination of the 
elemental composition and the concentration of the dispersed UCNPs an inductively coupled 
plasma mass spectrometry (ICP-MS) ELAN 9000 from PerkinElmer was used. Several 
calibration samples were prepared with a commercial multielement stock solution 
(10,000 ppb; dilution: 1:100,000 – 1:50) and a rhodium standard solution (10,000 ppb) in 5% 
(w/v) HNO3. For the measurement the nanoparticles had to be completely dissolved. UCNPs 
(0.3 mg) were dissolved in sulfuric acid (97%, w/v, 417 $L). For achieving a complete 
decomposition this process was assisted by sonication. Afterwards 7.083 mL double-distilled 
water and 7.5 mL HNO3 (1 M) were added. The solution was diluted in each case 1:50 with 
5% (w/v) HNO3 and rhodium standard was added (10,000 ppb, 1 $L). 
Dynamic light scattering (DLS) was performed with a Malvern Zetasizer Nano ZS to 
characterize the particle-size distribution in dispersion. Disposable semi-micro poly(methyl 
methacrylate) cuvettes were used and the temperature was kept constant at 20 °C. To analyze 
the crystal structure, X-ray powder diffraction patterns (XRD) with a resolution of 0.005° (2θ) 
were collected using a STOE STADI P diffractometer equipped with a Dectris Mythen 1K 
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detector. Monochromatic Cu Kα1 radiation (λ = 1.54056 Å) was employed. Absorption 
spectra were collected on a Varian Cary 50 spectrophotometer. Luminescence measurements 
were carried out by a fibre-coupled spectrometer RGB photonics mini from RGB (Kehlheim, 
Germany) in a 90-degree measurement geometry (Cuvette Holder CVH100/M, Thorlabs) 
with two laser modules (808 nm (200 mW, continuous wave (cw)) and 980 nm (200 mW, cw)) 
from Picotronic for excitation. The spectra were recorded by the software Waves, developed 
by RGB. The excitation power density was adjusted and measured by a handheld optical 
power and power meter console PM400 from Thorlabs, equipped with a standard Si 
photodiode power sensor (400 – 1,100 nm, 500 mW). For the lifetime measurements the 
fluorescence spectrometer FLS980 from Edinburgh Instruments was used at 805 nm and 
978 nm. P-dependent ΦUC of the UCNP dispersions were measured absolutely at 805 nm and 
978 nm using a custom-made integrating sphere setup equipped with two 8 W laser diodes 
covering power densities from 4 – 520 W·cm-2 [47]. The exact profiles of all laser diodes are 
shown in Figure 5.10. 
5.3.2 Synthesis and Surface Modifcation of UCNPs 
 Synthesis of hexagonal Core Particles NaYF4:20%Yb,2%Er 
Hexagonal core particles NaYF4:Yb,Er were synthesized via a bottom-up strategy in a solvent 
mixture of oleic acid and 1-octadecene using the thermal decomposition method [48]. For the 
synthesis of 1 mmol β-NaYF4:20%Yb,2%Er particles, the lanthanide chlorides were dissolved 
in methanol (5 mL) in the corresponding molar ratios. Oleic acid (8 mL) and 1-octadecene 
(15 mL) was added into a 50 mL three necked round bottom flask under nitrogen flow. This 
solution was heated to 160 °C and vacuum was applied for 30 min unless it appeared clear. 
This solution was cooled to room temperature and 4.00 mmol NH4F and 2.5 mmol NaOH in 
10 mL methanol were added and then the suspension was kept at 120 °C for 30 min before 
heating to reflux (ca. 320 °C). The heating-time was controlled by the appearance of 
upconversion luminescence in the synthesis flask upon continuous excitation with a 980 nm 
laser module (200 mW, cw). When the upconversion luminescence can be identified by the 
bare eye, the solution is kept at reflux for additional 8 min. To achieve a complete 
transformation of the nanocrystals from the α- to the β-form and to receive monodisperse 
particles, a heating time of 15 min turned out to be best for the 25 nm sized particles. To obtain 
particles with bigger diameters the heating steps and the reflux time was adapted. The 
particles were precipitated by the addition of excess of ethanol and collected by centrifugation 
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at 1,000 g for 5 min. The precipitate was washed with chloroform/ethanol (1:10 v/v) two times 
and five times with cyclohexane/acetone (1:10 v/v) by repeated redispersion-precipitation-
centrifugation cycles. In the end, for removing aggregates, the particles were dispersed in 
10 mL cyclohexane, centrifuged at 1,000 g for 3 min and the supernatant was collected. 
 Synthesis of Pre-cursor Nanoparticles 
Cubic shell-precursor materials (NaYF4:5%Yb,5%Nd; NaYF4:10%Yb,10%Nd; 
NaYF4:15%Yb,15%Nd; NaYF4:10%Yb and NaYF4) were synthesized via a synthesis protocol 
almost identical to the synthesis of hexagonal NaYF4:Yb,Er particles, by using the respective 
molar ratios of the lanthanide chlorides. The suspension was not heating to reflux but kept for 
30 min at 240 °C to receive the cubic crystal lattice. Moreover, the purification of the particles 
was performed as described above. 
 Synthesis of Core – shell Nanoparticles 
Core-shell particles of the types NaYF4:20%Yb,2%Er@NaYF4:5-15%Yb,5-15%Nd; 
NaYF4:20%Yb,2%Er@NaYF4:10%Yb; (Yb@Yb,Nd)is; (Yb@Yb)is; (Yb)is2; (Yb)is5 have been 
synthesized by the following protocol: The shells were grown via Ostwald ripening using 
precursor particles of α-NaYF4:Yb,Nd, α-NaYF4;Yb and α-NaYF4 [49]. The core particles 
(NaYF4:20%Yb,2%Er) together with the respective shell precursors were filled in different 
ratios according to the desired thickness of the shell into 50 mL three necked round bottom 
flasks and were kept under nitrogen flow. For the 4 nm shell a ratio core to precursor material 
of 1 to 3, while for the 2 nm shell a ratio of 1 to 1.5 was used. Per 1 mmol total content of core 
NaYF4-particles, 5 mL oleic acid and 5 mL 1-octadecene were added. After this the β-NaYF4-
particles and the precursors were separately heated to 100 °C before vacuum was applied for 
1 h unless a clear solution was obtained. After this the β-NaYF4-particles were heated to reflux 
and the shell precursor was kept under nitrogen flow at 100 °C. Every 10 minutes a small 
portion (approx. 1 - 3 mL) of the shell precursor was added to the mixture. When the 
precursor material was consumed, the solution was kept for another 10 min at reflux. The 
precipitation and purification of the core – shell nanoparticles was performed according to the 
protocol described for redispersion-precipitation cycles of NaYF4:20%Yb,2%Er. 
 Surface Modification 
The ligand exchange strategy with nitrosyl tetrafluoroborate is based on a method described 
by Wiesholler et al. [50]. In a two-phase system consisting of equal volumes of cyclohexane 
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and DMF the nanoparticles were dispersed. NOBF4 (1 mg per 1 mg UCNPs) was added and 
the dispersion was stirred at slightly elevated temperature (~40 °C) for 10 min. During this time 
the oleate-capped hydrophobic UCNPs were transferred from the cyclohexane phase into the 
DMF phase. This phase transfer can be easily monitored by control of the upconversion 
luminescence via excitation with a 980 nm laser module (200 mW, cw). Surface modification 
is complete, when only the DMF phase exhibits upconversion luminescence. The clear upper 
cyclohexane phase was discarded, and the particles were precipitated by excess of 
chloroform. The suspension is centrifuged at 1,000 g for 5 min. The jellylike precipitate is 
washed twice with chloroform. Finally, the BF4--stabilized particles are dispersed in DMF, and 
aggregates were removed by centrifugation at 1,000 g for 3 min. Poly(acrylic acid) 
(MW ~2,100) was dissolved in water (2 mg·mL-1) and added to the BF4--stabilized nanoparticles 
dispersed in DMF. The solution was stirred and kept at a moderate temperature of 40 °C for 
15 min. Afterwards the dispersion was centrifuged (13,600 g for 20 min) and washed twice 
with water. Finally, the supernatants were collected after centrifugation at 1,000 g for 3 min. 
5.3.3 Determination of the Absorption Cross-Section 
For the measurement of LM
N a quartz cuvette was filled with water and for the measurement of 
LM a similar quartz cuvette was filled with (Yb@Yb,Nd)is in water (6,34 mg·mL-1). The cuvettes 
were illuminated with a 980 nm laser diode (200 mW, cw, Picotronic) for the Yb-absorption 
cross-section (equation 1) and with an 808 nm laser diode (500 mW, cw, Picotronic) for the 
Nd-absorption cross-section (equation 1). The laser power was measured in 180° 
configuration with a handheld optical power meter console PM400 from Thorlabs, equipped 
with a standard Si photodiode power sensor (400 – 1,100 nm). When the signal became 
constant, the power values were recorded for a total illumination time of 1 min (600 data 
points). The average value was used for calculation of the P-values. From the ICP-
measurements the Yb3+- and Nd3+- concentrations were calculated. C is the number 











[   (1) 
5.3.4 Penetration Depth Measurements 
For the measurements mimicking UCNP performance in biological tissue, a glass cylinder 
(4.4 cm in diameter) was filled with phantom tissue (1% intralipid) [52] in different heights. 
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This cylinder was trans irradiated from the top by a laser module (808 nm or 980 nm, each 
200 mW, cw from Picotronic) with a focused beam. The glass cylinder was placed on a 
standard Si photodiode power sensor (400 – 1100 nm, 500 mW), which was used to record 
the laser power. The transmission spectrum of intralipid (0.01%) in water was recorded on a 
Varian Cary 50 spectrophotometer. 
5.4 Results and Discussion 
There are vivid and sometimes controversial debates in the upconversion community 
regarding the choice of an optimum excitation wavelength, i.e., 980 or 808 nm, and hence 
suitable doping ions and their combinations to enable a high signal-to-background ratio as a 
prerequisite for an ultralow detection sensitivity and a high spatial resolution and to avoid 
overheating. Common arguments are suppressing tissue autofluorescence, blurring-inducing 
scattering, and light absorption by other materials than the reporter as well as boosting 
sensitivity via enhanced absorption. The expected benefit of using Nd3+ as sensitizer ion 
together with 808 nm excitation arises from a) a higher absorption cross-section up to a factor 
of ~10 of Nd3+ compared to Yb3+ at the typical excitation wavelengths of 808 and 980 nm [53] 
and b) the considerably lower absorbance of water at 808 nm falling below the water 
absorbance at 980 nm by a factor of ~25 [45]. Nevertheless, a systematic comparison of the 
performance of differently doped UCNPs at different excitation wavelengths is still missing. 
As UCL efficiency is affected by many different parameters such as UCNP size, crystal phase, 
architecture, surface chemistry, and P, this requires rationally designed and well-characterized 
UCNPs as well as quantitative measurements to derive comparable information. 
To systematically compare 980 (Yb-) and 808 nm (Nd-) excitation, a set of 
core – active shell – inactive shell UCNPs was synthesized that match in size and contain the 
same amount of Nd3+, Yb3+, and Er3+ dopants, yet differ in particle architecture. This set is 
highlighted in Figure 5.2. 
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Figure 5.2Overview of the particle systems and the acronyms used in this study comparing different architectures of upconversion 
nanoparticles of one size for 808 and 980 nm excitation in terms of brightness and deep tissue penetration. 
5.4.1 Particle Design, Synthesis and Characterization 
NaYF4-UCNPs were synthesized that consist of a core (diameter ~25 nm) doped with 20% 
Yb3+ and 2% Er3+ covered by an about 4 nm thick active shell doped with 10% Nd3+ and 10% 
Yb3+, protected by a ~2 nm thin inert shell, denoted 
NaYF4:20%Yb,2%Er@NaYF4:10%Yb,10%Nd@NaYF4, or in short (Yb@Yb,Nd)is (Figs. 5.2 
and 5.3). 
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Figure 5.3Transmission electron microscopy (A), with corresponding particle size distribution (B) of 
NaYF4:20%Yb,2%Er@NaYF4:10%Yb,10%Nd@NaYF4 ((Yb@Yb,Nd)is) upconversion nanoparticles. Possible energy transfer 
processes (C) and lateral distribution of the lanthanide ions (Y3+, Yb3+, Nd3+ and Er3+) in the different layers (core, active shell and inert 
shell) (D) are symbolized. A photo (E) of the particles colloidal stable in cyclohexane (left, 20 mg·mL-1) and water (right, 2 mg·mL-1) 
excited by an 808 (200 mW) and 980 nm (200 mW) laser module. The DLS-measurements (F) of particles (2 mg·mL-1) underline the 
colloidal stability in aqueous solution. The diffraction pattern (purple) confirm a hexagonal crystal phase as indicated by the reflexes 
of the standard reference pattern of β-NaYF4 (ICDD PDF #16-334) (black) (G). 
We deliberately chose the most common Er3+-doping ratio [54]. Monodisperse particles (PDI 
= 0.04) (Fig. 5.3B) with a pure hexagonal crystal lattice (Fig. 5.3G) have been obtained and the 
doping ratio was verified by ICP-MS (Table 5.1). 
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Table 5.1. ICP-MS-data showing the composition of all particle systems used in this study. 
 
These predominantly green emitting particles can be excited at 980 and 808 nm due to the 
presence of Yb3+ and Nd3+ ions (Figs. 5.3E and 5.3F). In Figure 5.3C the ET pathways of the 
individual Ln3+ ions upon both excitation at both wavelengths are depicted. The doping ratio 
of 10% Yb3+ and 10% Nd3+ of the 4 nm thick active shell was chosen after studying the 
luminescence intensity at Nd- and Yb-excitation of a series of similar particles with doping 
ratios of 5, 10 and 15% for both sensitizer ions. The same P was used for Nd- and Yb-excitation 
and the UCL intensities of the dispersed oleate-capped particles were normalized to the 
number of particles present in the cyclohexane dispersion, which was determined from ICP-
MS and TEM measurements. An organic solvent was chosen for this comparison to exclude 
possible UCL quenching by —O-H vibrations [30,43]. For Nd-excitation, the highest 
luminescence intensity (I540 nm) was observed for doping ratios of 10% Yb3+ and 10% Nd3+, 
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Figure 5.4TEM images and size distribution of core shell particles NaYF4:20%Yb,2%Er@NaYF4:5%Yb,5%Nd (A, light purple), 
NaYF4:20%Yb,2%Er@NaYF4:10%Yb,10%Nd (B, purple) and NaYF4:20%Yb,2%Er@NaYF4:15%Yb,15%Nd (C, dark purple). 
Luminescence spectra of core – shell particles NaYF4:20%Yb,2%Er@NaYF4:5%Yb,5%Nd (light purple), 
NaYF4:20%Yb,2%Er@NaYF4:10%Yb,10%Nd (purple) and NaYF4:20%Yb,2%Er@NaYF4:15%Yb,15%Nd (dark purple) excited by 
808 nm and core shell particles NaYF4:20%Yb,2%Er@NaYF4:10%Yb (turquoise) excited by 980 nm (D). All particles are dispersed in 
cyclohexane. The spectra were acquired under same laser excitation power of 13 W·cm-2 and normalized to the particle concentration 
evaluated by ICP-MS. For the comparison the emission at 540 nm of the NaYF4:20%Yb,2%Er@NaYF4:10%Yb,10%Nd (turquoise) 
excited at 980 nm was set to one, and the spectra recorded at 808 nm excitation were corrected by the same factor. 
This doping ratio was subsequently used for the (Yb@Yb,Nd)is system. In a last step, a thin 
inert shell was grown on the optimized core – shell particles to cure surface defects and 
prevent the presence of sensitizer ions at the particle surface. The latter minimizes the 
quenching of the excited states of the sensitizer ions by surface ligands and solvent molecules 
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[43]. Subsequently, the particles were transferred from the organic to the aqueous phase by 
exchanging the oleate for poly(acrylic acid) (PAA) ligands [50]. 
A comparison of the luminescence spectra and intensities of PAA-stabilized (Yb3+,Nd3+,Er3+)-
doped UCNPs with and without inert shell in water confirmed the shielding of the sensitizer 
ions by the inactive shell as indicated by an increased green-to-red ratio of the Er3+ emission 
(Fig. 5.5). 
 
Figure 5.5Luminescence spectra (A) and decay times for the green (540 nm) (B) and red (655 nm) (C) emission of core – shell 
particles NaYF4:Yb,Er@NaYF4:Yb,Nd (Yb@Yb,Nd)as (dashed line and bright purple) and core – shell – shell particles 
NaYF4:Yb,Er@NaYF4:Yb,Nd@NaYF4 (Yb@Yb,Nd)is (solid line and dark purple) in aqueous solutions, excited at 808 nm (purple). 
The luminescence spectra (D) for the 980 nm (turquois) excitation and decay times for the green (540 nm) (E) and red (655 nm) (F) 
emission of core – shell particles NaYF4:Yb,Er@NaYF4:Yb,Nd (Yb@Yb,Nd)as (dashed line and bright turquois) and 
core – shell – shell particles NaYF4:Yb,Er@NaYF4:Yb,Nd@NaYF4 (Yb@Yb,Nd)is (solid line and dark turquois) in aqueous solutions, 
excited at 980 nm (turquois). 
Core – shell – shell particles of identical size, but without Nd3+ doping of the active shell, were 
prepared in a similar way. These UCNP are referred to as (Yb@Yb)is and presented in 
Figure 5.6. 
Yb,Nd,Er-Doped Upconversion Nanoparticles: 980 nm versus 808 nm Excitation  116 
 
Figure 5.6TEM-image (A) and corresponding size distribution (B) of NaYF4:Yb,Er@NaYF4:Yb@NaYF4 particles ((Yb@Yb)is). The 
diameter averaged from 1,148 particles is 34.6 ± 1.0 nm. Possible energy transfer processes (C) and lateral distribution of the 
lanthanide ions (Y3+, Yb3+, and Er3+) in the different layers (core, active and inert shell) (D) are symbolized. The near monodispersity 
of the particles in aqueous solutions was confirmed by a solvodynamic diameter of 43 nm with a polydispersity index of 0.143 
measured by dynamic light scattering of the particle dispersion in water (1 mg·L-1). No agglomeration of the particles over 3 months 
in dispersion can be observed (E). The diffraction patterns reveal a hexagonal crystal phase as the reflexes of the nanocrystals match 
the standard reference pattern of β-NaYF4 (ICDD PDF #16-334) (black) (F). 
To complete the picture on particles of identical size, core – shell particles without active shell, 
but with different thicknesses of the inert shell of 2 and 5 nm, labelled as (Yb)is2 (Fig. 5.7) and 
(Yb)is5 (Fig. 5.8), have been synthesized. 
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Figure 5.7TEM-image (A) and corresponding size distribution (B) of NaYF4:Yb,Er@NaYF4 particles ((Yb)is2). The diameter 
averaged from 875 particles is 35.0 ± 1.0 nm. Possible energy transfer processes (C) and lateral distribution of the lanthanide ions 
(Y3+, Yb3+, and Er3+) in the different layers (core, active and inert shell) (D) are symbolized. The near monodispersity of the particles in 
aqueous solutions was confirmed by a solvodynamic diameter of 53 nm with a polydispersity index of 0.120 measured by dynamic 
light scattering of the particle dispersion in water (1 mg·L-1). No agglomeration of the particles in dispersion over 3 months can be 
observed (E). The diffraction patterns reveal a hexagonal crystal phase as the reflexes of the nanocrystals match the standard 
reference pattern of β-NaYF4 (ICDD PDF #16-334) (black) (F). 
 
Figure 5.8TEM-image (A) and corresponding size distribution (B) of NaYF4:Yb,Er@NaYF4 particles ((Yb)is5). The diameter 
averaged from 957 particles is 34.8 ± 1.1 nm. Possible energy transfer processes (C) and lateral distribution of the lanthanide ions 
(Y3+, Yb3+, and Er3+) in the different layers (core, active and inert shell) (D) are symbolized. The near monodispersity of the particles in 
aqueous solutions was confirmed by a solvodynamic diameter of 43 nm with a polydispersity index of 0.117 measured by dynamic 
light scattering of the particle dispersion in water (1 mg·L-1). No agglomeration of the particles over 3 months in dispersion can be 
observed (E). The diffraction patterns reveal hexagonal crystal phases as the reflexes of the nanocrystals match the standard reference 
pattern of β-NaYF4 (ICDD PDF #16-334) (black) (F). 
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5.4.2 Comparison of (Yb@Yb,Nd)is and (Yb@Yb)is 
As a first step for the desired comparison, a possible influence of Nd3+ (Fig. 5.3D) with its 
complex energy scheme on the UCL resulting upon Yb-excitation at 980 nm was assessed. For 
this purpose, particles of identical architecture with and without Nd3+ ions in the active shell 
were studied. A comparison of the UCL spectra of both systems at normalized particle 
concentration in water revealed minimum effects (Fig. 5.9A; low P of 13 W·cm-2). In contrast, 
the luminescence lifetimes of the green and the red Er3+-emission of (Yb@Yb,Nd)is show a 
longer decay for Yb-excitation compared to (Yb@Yb)is (Figs. 5.9B and 5.9C). The differences 
in the rise behavior of the decay profiles of the green and red Er3+ emission observed in the 
time-resolved UCL measurements are attributed to an additional ET step from Yb3+ → Nd3+ in 
the ET processes involved in the population of the energy levels of the activator ions, namely 
the Yb3+ → Nd3+ → Yb3+ → Er3+ cascade. Contrarily, (Yb@Yb)is UCNPs do not show UCL at 
Nd-excitation at the low P of 13 W·cm-2. Therefore, the excited state absorption of the Er3+ 
ions can be neglected for the chosen experimental conditions. Consequently, (Yb@Yb,Nd)is 
UCNPs are suitable for the subsequent direct comparison of Nd- and Yb-excitation. 
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Figure 5.9The NaYF4:Yb,Er@NaYF4:Yb,Nd@NaYF4 ((Yb@Yb,Nd)is) core – shell – shell particles (purple) were compared to 
NaYF4:Yb,Er@NaYF4:Yb@NaYF4 ((Yb@Yb)is, turquoise) core – shell – shell particles in aqueous solution using (A) luminescence 
spectra and the lifetimes of the green (B) and red emission (C) at Yb-excitation in aqueous solution. All luminescence spectra were 
normalized to the particle concentration and measured with the same laser power conditions. 
5.4.3 Comparison of Nd- and Yb- Excitation of (Yb@Yb,Nd)is 
The benefits of using Nd3+ as sensitizer and consequently 808 nm instead of 980 nm 
excitation as required for Yb3+ discussed in the literature are ascribed to the higher absorption 
cross-section of Nd3+ and the considerably lower absorbance of water at 808 nm. The former 
is assumed to exceed that of Yb3+ by a factor of ~10 and the latter to fall below the water 
absorbance at 980 nm by a factor of ~25. The considerably lower water absorbance at 808 nm 
minimizes heating effects and may allow for a higher penetration depth, even though the 
scattering by tissue components is more pronounced at 808 nm. Subsequently, we assessed 
the parameters which contribute to signal size, thereby also simulating the influence of 
different penetration depths. These parameters can be separated in matrix-related properties 
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such as scattering and absorption and in particle related parameters summarized as the 
particle brightness (BUC(λEx)). BUC(λEx) is defined as the product of the UCNP absorption cross-
section (σUCNP(λEx) [cm2]) and ΦUC(PEx) (equation 2). Hence, this property is also P-dependent. 
\]R(P^_) = 	O]R`X(P^_) 	×	b]R(L̂ _)   (2) 
Absorption cross-section of one UCNP. The absorption cross-section of one UCNP 
(σUCNP(λEx) [cm2]) is determined by the total number of Ln3+ absorbers per nanoparticle (NLn) 
and the absorption cross-section of a single absorbing Ln3+ ion at the chosen excitation 
wavelength λEx (σLn(λEx) [cm2]) (equation 3). 
O]R`X(P^_) = 	cde 	×	Ode(P^_)	  (3) 
Thus, it depends on particle size and doping concentration. In many publications comparing 
the sensitizers Nd3+ and Yb3+, σLn(λEx) values were taken from the literature, thereby assuming 
that the optical properties of Ln3+ ions are minimally affected by the host matrix. These data 
are typically not determined for the respective UCNPs as shown in Table 5.2 summarizing 
representative literature values. This is particularly the case for Nd3+ ions. The crystal field and 
symmetry of the UCNP matrix can, however, affect the Stark splitting and hence the intensity 
distribution of the absorption bands of the Ln3+ ions in a matrix-dependent manner. Therefore, 
we determined the σLn(λEx) values for (Yb@Yb,Nd)is dispersed in water (6.34 mg·mL-1) at the 
wavelengths used for Nd- and Yb-excitation experimentally from transmission spectra and 
ICP-MS concentration measurements. The values obtained for σNd(808 nm) and σYb(983 nm) 
are ~1.0·10-19 cm2 and ~2.7·10-20 cm2. These data are included in Table 5.2. This table 
underlines the influence of the matrix on σLn(λEx). 
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Table 5.2. Composition of absorption cross section values for Nd3+ and Yb3+ ions found in the literature for 
different host materials and excitations wavelengths. 




Nd3+ LaF3 790 2.5 · 10#20 55 
Nd3+ (Gd,Y)VO4 808 2 · 10#19 56 
Nd3+ Nd3+ 800 1.2 · 10#19 46 
Nd3+ Sc2O3 825 7.2 · 10#20 57 
Nd3+ YAG* 808 1.2 · 10-19 45 
Nd3+ NaYF4 808 10-14 (caculated per NP) 58 
Nd3+ - ~800 ~10-19 59 
Nd3+ NaYF4 808 (1.015 ± 0.004) · 10-19 this work 
Yb3+ YAlO3 980 2.1 · 10-20 57 
Yb3+ YAG* 980 2.5 · 10-20 45 
Yb3+ Al2O3 980 1.2 · 10-20 60 
Yb3+ - ~980 10-20 58 
Yb3+ NaYF4 983 (2.692 ± 0.09) · 10-20 this work 
Another parameter affecting the efficiency with which UCNPs are excited is the match 
between the narrow absorption band of the Ln3+ ions and the spectral profile of the laser diode 
used as excitation light source. The diode profile can slightly vary amongst different laser 
diodes of similar specification and is affected by the operation conditions (Fig. 5.10). 
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Figure 5.10Absorbance spectra of water (A), normalized particle cross-section of NaYF4:Yb,Er@NaYF4:Yb,Nd@NaYF4 particles 
in cyclohexane (B) and normalized absorbance spectra of NdCl3 salt (0.1 mol·L-1) (C). The normalized emission of the laser modules 
808 nm (purple) and 980 nm (turquois) was also measured for the luminescence spectra (D), lifetimes (E) and quantum yield 
measurements (F). The exact values (real Nd- and Yb-excitation) for the laser excitation are listed in the Figure. The lines in purple 
and turquois indicate the ideal excitation wavelengths. 
The spectral profile of the laser diode used should therefore always be determined and 
provided. This is particularly important for Nd-excitation as the Nd3+ absorption band is 
narrower than that of Yb3+. The influence of this effect is further highlighted in the sections on 
brightness values and influence of particle architecture. For all these reasons, for the desired 
comparison of the performance of the (Yb@Yb,Nd)is nanoparticle systems following Yb- and 
Nd-excitation, subsequently used relative particle brightness (\]RfgT) values. Moreover, for \]RfgT  
values, neither the particle concentration in the solvent or matrix nor the actual absorption 
cross-sections of the particles need to be measured and considered, only the ratios of the 
latter. The \]RfgT  values are calculated relative to an arbitrarily chosen particle cross-section, in 
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our case the maximum of the Yb3+ cross-section OhijP^_,hiklmno	 p, (Fig. 5.11A) using O]R`XfgT (P^_) =
O]R`X(P^_)/OhijP^_,hi
klmno	 p. The relative absorption cross-sections for (Yb@Yb,Nd)is at the 
actually used excitation laser wavelengths of 805 nm and 978 nm are 1.062 for Nd3+ and 0.808 
for Yb3+. This results only in an absorption-related enhancement of ~1.3 for Nd-excitation. 
 
Figure 5.11(A) Absorbance spectra of water (top) and normalized absorbance spectra of NaYF4:Yb,Er@NaYF4:Yb,Nd@NaYF4 
((Yb@Yb,Nd)is) particles (bottom). The dashed lines show the wavelengths which are ideal for excitation, while the lines present the 
wavelengths which are commonly used for excitation. (B) Power density dependent quantum yield of (Yb@Yb,Nd)is particles 
dispersed in water at Nd- (purple) and Yb- (turquoise) excitation. (C) Relative brightness in dependence of laser power of 
(Yb@Yb,Nd)is particles excited by 805 nm (purple) and 978 nm (turquoise) system in aqueous solution calculated with the ideal and 
the real excitation. 
Upconversion Quantum Yields. When comparing ΦUC data it must be kept in mind that these 
values equal the number of emitted photons per number of absorbed photons and provide an 
overall measure for emitter performance. ΦUC is affected by the distribution of and distance 
between the active Ln3+ ions, and thus by the crystal lattice of the host and dopant ion 
concentrations, as well as by surface and lattice defects, the presence of quenchers, P, and 
temperature. The number of absorbers in a (Yb@Yb,Nd)is particle and the corresponding 
absorption cross-sections are, however, not considered by ΦUC values on an individual basis. 
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This implies that differences in the actual number of Yb3+ and Nd3+ sensitizer ions of 34,500 
Yb3+ ions and about 13,200 Nd3+ per particle are not reflected by ΦUC data. 
Figure 5.11B shows the P-dependent ΦUC values (ΦUC(P)) obtained for (Yb@Yb,Nd)is in water 
at both sensitizer excitation wavelengths for P varied from 4 to 520 W·cm-2. Apparently, Yb-
excitation leads to higher ΦUC values. In addition, the slopes of the decay of the Er3+ emission 
at 540 nm (2H11/2 → 4I15/2) resulting for Nd- and Yb-excitation are different. This indicates 
different population dynamics of Er3+. A possible explanation is the higher local density of 
excited Yb3+ ions at 978 nm as the core, where the ET from Yb3+ to Er3+ occurs, has an Yb3+ 
doping concentration of 20% compared to the active shell containing only 10% Nd3+. The Yb3+ 
ions in the core are directly excited at 978 nm and can then transfer the excitation energy 
directly to the Er3+ ions. The lower ΦUC values and different P dependence found for 805 nm 
excitation of the Nd3+ ions in the shell region of (Yb@Yb,Nd)is are attributed to the lower 
absorber concentration in combination with several ET steps. 
Brightness Values. The \]RfgT  values were calculated from the ΦUC values measured at 805 nm 
and 978 nm excitation (real) and for excitation conditions at the respective absorption maxima 
(ideal) as displayed in Figure 5.11C. The particle brightness (BUC) of an UC system is defined 
as the product of the total number of Ln3+ absorbers per nanoparticle (NLn) times the 
absorption cross-section (σLn (λEx) [cm-2]) of one absorbing Ln3+ ion at the choosen excitation 
wavelength λEx times the absolute quantum yield (ΦUC) (equation 4). 
\]R,de(P^_) = 	cde 	×	Ode(P^_) 	×	b]R(L̂ _) = O]R`X(P^_) 		× 	b]R(L̂ _)	  (4) 
Since the determination of σUCNP, which is controlled by the (average) particle size and 
(average) number of absorbing Ln3+ ions and their molar absorption coefficient, which is highly 
sensitive to the measurement conditions and varies in literature especially for the Nd ion 
(Table 5.2), we decided to calculate the relative brightness BUCrel instead by replacing σUCNP(λEx) 
in (equation 4) by a relative particle cross section σUCNPrel as defined in (equation 5) below. The 
sample absorbance and particle cross section are related by A = N · σUCNP, A being the 
absorbance, N being the total particle number present in the sample, and σUCNP being the single 
particle cross-section as defined in (equation 2), so the ratio of the absorbances equals the 
ratio of the particle cross sections at the respective wavelengths. We choose to calculate 
σUCNPrel from the high resolution normalized absorbance spectrum of the (Yb@Yb,Nd)is system 
(Fig. 5.11A) by taking the ratio of the measured absorbance values at the laser excitation 
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	  (5) 
The NLn in (equation 4) was calculated by taking the number of ions per hexagonal unit cell 
(Nunit, Ln) depending on the doping concentration (cLn) and the calculation of the number of 
unit cells per NP (ncells) using the ratio of NP volume (VNP) to unit cell volume (Vcell) (calculated 
using a method reported by Mackenzie et al. [61]), leading to the numbers presented in 
Table  5.4. 
Table 5.3. The calculated volume values of a hexagonal unit cell, of the core, the shell, and the calculated numbers 
of unit cells in the core, in the shell, and the number of ions per unit cell are listed.  
term number 
Vcell, hexagonal 1.06778 · 10#22 cm3 
Nunit, Ln (with f is doping rate of Ln: Yb, Er, Nd) 1.5*f(Ln) 
VNP, core 7.238229 · 10#18 cm3 
ncells, core 6.7800 · 104 
VNP,shell 9.599362 · 10#18 cm3 
ncells, shell 8.9900 · 104 
 
Table 5.4 The number of Yb, Er and Nd ions are given for the four particle systems 
system NYb NEr NNd 
(Yb@Yb,Nd)is 3.4472 · 104 1.830 · 103 1.3215 · 104 
(Yb@Yb)is 3.4472 · 104 1.830 · 103  
(Yb@Yb)is2 4.8334 · 104 4.960 · 103  
(Yb@Yb)is5 2.094645 · 104 1.830 · 103  
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At P of 103 W·cm-2, direct Yb-excitation leads to a \]RfgT  of 73 that exceeds the value observed 
for Nd-excitation by a factor of 36 (73 @ 978 nm and 2 @ 805 nm) for the (Yb@Yb,Nd)is 
particles. By switching from the real (λ = 805 nm) to the ideal excitation wavelength 
(λ = 794 nm), \]RfgT  is increased by a factor of around three to a value of six for Nd-excitation at 
P of 103 W·cm-2. 
5.4.4 Influence of Particle Architecture 
For applications in vivo and bioimaging at deep tissue penetration, particle size is a crucial 
parameter. Therefore, we compared the performance of UCNPs of types (Yb)is2 and (Yb)is5 to 
that of (Yb@Yb,Nd)is. (Yb)is2 and (Yb)is5 differ only in the thickness of the inert surface 
passivation shell. For the (Yb)is5 system, the previously studied active shell was replaced by an 
inert protective shell, whereas for the (Yb)is2 system, the active shell was substituted by a shell 
of similar chemical composition as the core. As revealed by spectroscopic studies done with 
both types of UCNPs in water, ΦUC of the (Yb)is5 system exceeds that of the (Yb)is2 particles by 
a factor of a ~10 at P of 100 W·cm-2. Consequently, the calculation of \]RfgT	values for Yb-
excitation under real conditions (978 nm) also yielded higher values equaling about a twofold 
enhancement (Figs. 5.12A and 5.12B). Apparently, the inert shell does not efficiently shield 
the surface of the (Yb)is2 UCNPs from water quenching. Moreover, the confirmation that the 
Nd3+ ions do not influence the energy transfer in (Yb@Nd,Yb)is particles, is presented in 
Figure 5.12C and D. Here the ΦUC data and \]RfgT  calculations at Yb excitations of the 
(Yb@Nd,Yb)is and (Yb@Yb)is are compared and nearly no difference of the data is observed. 
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Figure 5.12Power density dependent absolute quantum yields of NaYF4:Yb,Er@NaYF4 (Yb)is2 (green) and (Yb)is5 (grey) particles 
dispersed in water at 978 nm excitation (A). Relative brightness in dependence of laser power of (Yb)is2 (green) and (Yb)is5 (grey) 
particles measured by excitation at 978 nm (real) in aqueous solution and calculated for an ideal excitation at 976 nm (B). For the 
particles NaYF4:Yb,Er@NaYF4:Yb@NaYF4 (Yb@Yb)is and NaYF4:Yb,Er@NaYF4:Yb,Nd@NaYF4 (Yb@Nd,Yb)is dispersed in water 
also power density dependent absolute quantum yield by excitation at 978 nm (C) and relative brightness measurements (D) in 
dependence of laser power were performed. For the brightness also the ideal values for an excitation at 976 nm were calculated. 
Comparing the performance of the (Yb)is5 particles at Yb-excitation and the (Yb@Yb,Nd)is 
UCNPs at Nd-excitation, a 57 times higher ΦUC is found for the former system. Also, the \]RfgT  
values calculated for ideal excitation of the (Yb)is5 particles are 10 times higher (Fig. 5.13). 
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Figure 5.13(A) P-dependent ΦUC values of NaYF4:Yb,Er@NaYF4 ((Yb)is5) excited at 978 nm (grey) and 
NaYF4:Yb,Er@NaYF4:Yb,Nd@NaYF4 ((Yb@Yb,Nd)is) excited at 805 nm (purple), both dispersed in water. (B) Relative brightness in 
dependence of P of (Yb@Yb,Nd)is and (Yb)is5 in aqueous solution calculated for the ideal and real excitation conditions. 
5.4.5 Penetration Depth in Phantom Tissue 
Subsequently, we assessed the influence of the penetration depth xC on signal size in water, 
thereby aiming to derive an estimate, at which xC value the use of Nd3+ as sensitizer and 
excitation at about 808 nm becomes advantageous with respect to brightness. Since water 
shows higher absorption coefficient values (αH2O) at 980 nm compared to 808 nm (Fig. 5.11A), 
with deeper penetration (x) of excitation light the effective local power density (PEx) is more 
strongly decreased for the 980 nm excitation. With lower PEx the ΦUC (PEx) is also reduced, 
which leads to a decrease of the luminescence emission signal (IUC, Ln). At a certain penetration 
depth (xC) the previously stronger emission of Yb-excited UCNPs shows the same signal as 
the Nd-excited systems (crossing point). For x > xC the Nd-excitation will lead to a brighter 
emission in water than Yb-excitation. 
IUC, Ln depends on local PEx , the number of Ln3+ absorbers (NLn), the absorption cross section 
(σLn) and the ΦUC: 
	Ä]R,de	(Å) ≈ 	 L̂ _(Å) ×	cde 	×	Ode(P^_) 	×	b]R(L̂ _(Å)) (6) 
In an absorbing medium the passing light – here excitation light and therefore PEx - is reduced 
following the Beer-Lambert law: 
L̂ _(Å) ≈ 	LN 	 ∙ 	3
J	QÉÑÖ(Mwx)	∙	_   ,  (7) 
with P0 = PEx (x = 0). With NLn · σLn ~ ALn it follows: 
Ä]R,de	(Å) ≈ 	LN 	 ∙ 	3
J	QÉÑÖ(Mwx)	∙	_ ×	,de 	×	b]R(L̂ _(Å))  (8) 
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In Figure 5.14A the penetration depth xC, at which the signal intensities for Yb- and Nd-
excitation are equal, is plotted for six different initial power densities PEx (x = 0) = P0 = 5, 50, 
100, 200, 300 and 400 W·cm-2 for both the real and the ideal excitation. xC (P0) is estimated 
from: 
Ä]R,hi	(ÅR) = 	 Ä]R,`Ü	(ÅR)	    (9) 
For the real laser excitation wavelength, we obtained an xc of ~9 cm in water. For ideal 
excitation conditions, for penetration depths exceeding ~6 cm, Nd-excitation results in higher 
signals. This underlines that for a high penetration depth and minimal overheating with 
continuous wave excitation in deep-tissue imaging and theranostic applications of UCNPs 
with Nd3+-sensitization, the exact match of the laser profile and the Nd3+ absorption becomes 
relevant. With increasing P, xC decreases and the Nd-doped system starts to outperform the 
efficiency of the Yb-doped particles at shorter penetration depths. To further optimize the 
triple doped UCNP, a detailed study of the influence of the Nd3+-concentration in the active 
shell and variations in Nd3+ and Yb3+ ratios are mandatory, thereby also considering other 
relevant parameters like UCNP size and P. In Figure 5.14B the critical penetration depth xC 
varied with Nd doping concentration cNd (NNd) was calculated for ideal and real excitation at 
P0 = 50 W·cm-2. Since IUC, Ln scales linearly with NNd the change in cNd has a linear effect on IUC, 
Nd. The increase in IUC, Nd with higher cNd shifts crossing point of signal intensities for Yb- and 
Nd-excitation to lower depths xC. For this calculation no influences by cross relaxation due to 
the shorter ionic distances as well as lattice strain resulting from the different ionic radii of 
Nd3+ and Yb3+, which could alter the crystal structure and result in defects at the interface are 
considered. suggest that a higher Nd3+ content in the active shell shifts the crossing point xC 
to smaller penetration depths in water. However, this rough estimation does not consider the 
influence of e.g. cross-relaxation favored by the shorter distances of the different Ln3+ ions and 
the lattice strain resulting from the different ionic radii of Nd3+ and Y3+. The latter could alter 
the crystal structure and result in defect formation. 
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Figure 5.14Calculation of the penetration depth xC in water, at which the signal intensities resulting for Yb- and Nd-excitation are 
equal (crossing point) for 5 power densities varying from 5 to 400 W·cm-2 for real and ideal excitation conditions and (B) for a change 
in Nd3+ doping concentration in NaYF4:Yb,Er@NaYF4:Yb,Nd@NaYF4 ((Yb@Yb,Nd)is) varied from 10% up to theoretically 80% at 
50 W·cm-2. 
For a more realistic scenario, we used a tissue-simulating phantom medium, i.e. an emulsion of 
phospholipid micelles of polydisperse nature and water referred to as intralipid. Intralipid is 
turbid with no significant absorption bands in the VIS and NIR but strongly scattering, like 
tissue (Fig. 5.15). 
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Figure 5.15Transmission measurements of water and a 0.01% Intralipid emulsion. Due to large scattering of the intralipid emulsion, 
a 100-times dilution was used compared to the penetration depth measurements. 
At a wavelength of 633 nm scattering is more than 13,000 times more effective than 
absorbance [62]. (Yb@Yb,Nd)is particles can be homogeneously dispersed in this matrix and 
remain colloidally stable at a UCNP concentration of 1 mg·mL-1. As this formulation [63] is 
rather heterogeneous with large batch-to-batch variations, an exact description of its optical 
features by parameters such as absorption, scattering or total attenuation coefficient is very 
challenging. We assume that in this matrix or medium, the energy fluence rate becomes the 
limiting factor for P-dependent UCL. The strong scattering of this phantom tissue renders also 
the accurate determination of P values at a certain distance very difficult. Therefore, as an 
estimate, we determined the decrease of the Nd- and Yb-excitation power upon propagating 
through an increasing thickness of intralipid. For relatively low P (~150 mW, cw), which is 
recommended for medical applications, the power of the 808 nm laser diode is already 
reduced to 8% of the initial value at a penetration depth of 5 mm in the phantom tissue. For 
980 nm excitation, the loss in power is even more pronounced, reaching a value of 1.6% of the 
initial signal at this penetration depth (Fig. 5.16). 
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Figure 5.16Decrease of the 808 nm laser power presented in purple and the 980 nm laser power presented in turquoise when 
propagating through an intralipid emulsion (1%) with increasing thickness from 0 - 1 cm. 
This becomes obvious when recording the UCL spectra at low excitation power 
(~200 mW, cw). In this case, the intensity of the green Er3+ emission of (Yb@Yb,Nd)is excited 
at 980 nm is diminished by 92% under these conditions, while it drops only by 66% for 
excitation at 808 nm (Figs. 5.17C and 5.17D). 
 
Figure 5.17 (A) Photos and (B) luminescence spectra of (Yb@Yb,Nd)is dispersed in phantom tissue (1 mg·mL 1). The Nd-excitation 
(808 nm,200 mW, cw) is indicated in purple and the Yb-excitation (980 nm, 200 mW, cw) in turquoise. 
5.5 Conclusion 
In summary, the performance of a set of similarly sized (Yb3+,Nd3+,Er3+)-doped core – shell 
UCNPs of different particle architecture were spectroscopically examined in water at broadly 
varied P using 980 nm (Yb-excitation) and 808 nm excitation (Nd-excitation). As a measure 
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for UCNP performance, the excitation power density (P)-dependent UC quantum yield (ΦUC) 
and its saturation behavior were used as well as particle brightness (BUC). Our results confirm 
a higher absorption cross-section and a lower water absorption at excitation wavelengths 
typical for Nd3+ as sensitizer compared to Yb3+ as reported by many other groups and 
underline that these general advantages do not necessarily lead to brighter UCL emission. 
Moreover, we stress the need to use precisely measured Nd3+- and Yb3+-absorption cross-
sections to avoid misleading assumptions about sensitizer efficiencies. To enable the 
comparison of different sensitizers, we developed an efficient approach to model conditions 
advantageous for a certain sensitizer and certain measurement conditions like a desired 
penetration depth or a given P using experimentally determined ΦUC and relative brightness 
values. 
A first proof of concept study in phantom tissue revealed the need for more accurate studies 
of the influence of tissue on the photophysical properties of UCNPs and signal size. This is 
especially relevant for conditions where scattering dominates, and the illumination conditions 
cannot be well controlled. Motivated by our estimation of the effect of Nd3+ concentration on 
signal size, in the future, we will rationally design particle architectures with confined regions 
of the Nd3+ and Yb3+ sensitizer ions, varying in concentration and study their optical properties 
systematically in different matrices. 
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 Conclusion and Future Perspectives 
Upconversion nanoparticles (UCNPs) are a class of promising luminescent probes and 
reporters in many fields in life science and have attracted massive interest to researchers. The 
first groundbreaking work dates back to 1959 where Leverenz and Bloembergen described 
upconversion and anti-stokes processes in solids [1,2]. Nevertheless, after almost 60 years of 
development and improvements on lanthanide-doped nanocrystals, there still are a lot of open 
questions starting from ideal composition up to surface functionalization. This chapter 
presents a critical résumé on the state of the art and gives an outlook for future direction in 
research on UCNPs. 
One of the greatest challenges in designing probes with upconversion capability is the need to 
boost the efficiency of this process. To fully understand how this can be done, one has to take 
a close look at the principle of upconversion: Low energy is converted by a sequential 
absorption of at least two high energy photons, which leads to the emission of light at shorter 
wavelengths compared to the excitation, also called anti-Stokes emission. The process of 
photon upconversion can be briefly explained by three general models: energy transfer 
upconversion (ETU), excited-state absorption (ESA) and photon avalanche (PA) [1]. The 
simplified schemes, showing absorption, energy transfer and emission processes by the energy 
levels of one or two involved atoms, are presented in Figure 6.1A [3]. 
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Figure 6.1 Simplified representations of the three main processes describing the upconversion process in lanthanide-doped 
nanocrystals: excited state absorption (ESA), energy transfer upconversion (ETU) and photon avalanche (PA). Dashed arrows 
symbolize photon absorption, full arrows represent photon emission and dotted arrows refer to non-radiative processes between 
ground states (G) and excited states (E) of one or two atoms. 
All these processes deal with the absorption of two or more photons [4]. However, the most 
efficient UC process with a probability of η = 10-3 is ETU, which is 100 times more likely to 
occur than the second-best process ESA [5]. In detail, first the so-called sensitizer ion is 
responsible for the resonant photon absorption of low energy to get excited. This sensitizer 
needs to be in close proximity to the so-called activator to effectively transfer the energy via a 
non-radiative transfer. This process is then repeated for one or several more times, leading to 
the population of higher excited states of the activator. Such a cascade is mainly enabled due 
to the long-lasting excited states and the high number of energy levels of lanthanide ions [6-8] 
(Fig. 6.2A). Moreover, a lot of processes exist, which interrupt the upconversion process like 
the stokes-emission, non-radiative deactivation and cross-relaxation. When coming to the real 
world, one has to realize that these ideal models are encountered by some drawbacks. First to 
mention is the activator ion. In essence only ytterbium can be used as activator, which can 
absorb NIR light at 976 nm. In all other cases the situation is more complicated due to many 
energy levels and in case of cerium, which has also only one excited state, the excitation 
wavelength is in the 4 µm region. Second, lanthanide ions are known for their generally low 
absorption coefficients, often less than 1 M-1·cm-1, due to the f-f transitions being forbidden 
according to Laporte's parity rule [9]. Especially the huge number and the complexity of 
possible deactivation steps during the ETU process of lanthanide ions in a host material, as 
theoretically describes by the workgroup of Emory Chan [10] (Fig. 6.2B), impressively 
underlines the importance of finding the ideal architecture of UCNPs in terms of the right 
distance of sensitizer and activator ions [10,11]. 
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Figure 6.2(A) summary of electronic excited state energy levels for the Ln3+ ions. Adapted with permission from [7] © 2009 
American Chemical Society. (B) Emission, population, and energy recycling pathways of Er3+ and Tm3+ in NaYF4 host material. 
Adapted with permission from [10] © 2012 American Chemical Society. 
This can be achieved by the proper choice of doping rates within the crystal. Important is that 
the absorption of all photons needed for upconversion has to take place in a short time by one 
sensitizer ions [12]. But also the type of the crystal itself needs to be carefully selected. One 
can imagine the host material like a bank. In former times a massive building protecting 
deposits and used for exchange. In case of upconversion materials the host has a similar 
function, it conserves the energy in excited states of sensitizer ions which could be symbolizes 
as a safe and the activator ions as a counter. And like a bank used for currency exchange, the 
host enables the exchange of NIR photons to Vis or UV photons. A good bank does not charge 
a lot of fees for currency exchange, the same for a good host, which should not consume the 
energy itself. A measure for this is given by the phonon energy, which should be very low. 
Therefore, the host material of choice for lanthanide ions excitable in the NIR is NaYF4 [13], 
with a phonon energy of 305cm-1 [4]. Activator ions matching the Yb3+ sensitizer are Er3+, Ho3+ 
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(both with predominately green and weak red emissions), and Tm3+ (with strong emission in 
the blue and in the NIR and a weak emission in the UV) [14]. Up to four photons are needed 
to obtain the desired emission (two NIR photons → green (540 nm) and red emission 
(655 nm); three NIR photons → blue emission (475 nm); four photons → UV emission (345 & 
360 nm). The theoretically best photon exchange rate one can get, according to the model of 
ETU is 1:3 for green emission and 1:4 for blue emission. In reality, the best exchange rate was 
realized so far by the group of Markus Haase, designing upconversion nanoparticles 
converting 980 nm photons to 540 nm photons with a rate of about 1:11. This outstanding 
value of a quantum yield of up to 9% for nanocrystals of 45 nm diameter was achieved by three 
principles: a) a total excluding water during synthesis, b) growing of a large inert shell of NaYF4 
of about 10 nm thickness and c) the dispersion of this particles in organic solvents. 
Unfortunately, they do not transfer these particles into water [15], the far most interesting 
media for applications of UCNPs. Compared to the state of the art, the NaYF4:Yb,Er@NaYF4 
particles consisting of a 25 nm core and an only 5 nm thick shell reported in Chapter 5 of this 
work show a quantum yield of 6.3% at comparable excitation power density in cyclohexane, 
which is of the same quality compared to the smaller size. In water, with poly(acrylic acid) as 
surface capping, these particles show a remarkable quantum yield of 1.6 %. To the best of my 
knowledge there are no reports on particles with higher quantum efficiency in water so far. 
Nevertheless, due to the complexity to measure absolute power-dependent quantum yields, 
there are not many studies available, which is a general problem in the development of UCNPs. 
There are many papers reporting on bright particles, but without presenting reliable 
information allowing a fair comparison. It is suggested to define standards or to offer a 
reference material which can be easily used by researchers to allow any judgement. 
Since about four years the synthesis of these promising luminescent materials got 
reproducible and controllable by several groups [4,16-20]. Despite this it is still wondering why 
there is no agreement in the most efficient doping so far. Up to now most research stay with 
the doping ratio 20% : 2% for the Yb3+ and Er3+ system, and 25% : 0.3% for the Yb3+ and Tm3+ 
system. These doping ratios have been optimized for the bulk material [11]. To my experience 
with different doping ratios and particle sizes prepared in our group these ratios should be 
adapted to the particle size as for smaller nanoparticles surface tremendously affect the 
brightness. 
In this work it was shown that plasmonic enhancement from gold arranged in close proximity 
to Tm-doped UCNPs enables a modulation of the peak ratios of the individual emissions. We 
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achieved selectively an enhancement of the UV-emission, which was utilized for the first time 
to design a label-free sensor for vitamin B12 in serum. A comparison of this assay to an 
identical system with classical Tm-doped particles dispersed in cuvettes but without 
plasmonic enhancement was not able to detect about 500 nM of the analyte whereas the LOD 
with plasmonic enhancement was as low as 3 nM. It is expected that also for other UCNPs 
coupling to plasmonic or photonic materials can lead to tailored spectral properties fitting to 
a special application. 
In a previous study our workgroup in cooperation with the Federal Institute for Material 
Research and Testing in Berlin investigated the dependence of different surface ligands to the 
upconversion efficiency [21], and addressed the main mechanism of quenching by the 
multiphoton deactivation of the Yb3+ sensitizer ion caused by the -O-H vibrations at the 
surface of the nanocrystal [22]. This is also one of the main reasons not to reach a quantum 
yield of 10% in water, as shown by Markus Haase for UCNPs dispersed in cyclohexane. Since 
two research groups independently published about a significant enhancement of the 
upconversion efficiency by using an inert NaYF4-shell on NaYF4:Yb,Er particles (Fig. 6.3) 
preventing surface quenching [23,24], core – shell particles got very attractive. The thickness 
of the shell has to be optimized equal to the size of the core particles. In 2009, first the 
workgroup of Capobianco replaced the inert shell by a so-called active shell consisting of 
NaYF4:Yb for getting more photons absorbed and transferred by energy migration into the 
core [25,26]. The possibility of doping core and shell with different Ln3+ions and the control 
of the shell thickness during the synthesis was also part of this thesis. Here this approach was 
utilized to a) shift the excitation wavelength from 980 nm to 808 nm by additional Nd3+ 
sensitization and b) to enhance the luminescence by growing an additional thin, inert shell. 
The epitaxial growth concept is a good analogy for explaining the formation of core – multi-
shell particles. Due to the different doping in the core as in the shell material leads to a varied 
lattice constants (heteroepitaxy).	 The guideline is to minimize the lattice and symmetry 
mismatches between core and shell material for a successful heteroepitaxy growth [27]. 
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Figure 6.3(Left) Energy flux management in lanthanide-doped UCNPs relies on the implementation of basic architectures. (Right) 
The traditional epitaxial growth concept is either based on homoepitaxy (A) or heteroepitaxy (B). Figure adapted with permission 
from Ref [27] © 2014 Wiley-VCH GmbH, Weinheim. 
This means that not all materials or doping ratios work in the same for the core and the shell 
as lattice mismatch often prevents a successive shell growth. Due to experimental limits it was 
also not possible to study the stability of core – shell particle architectures. For Eu3+-doped 
core – shell particles it was shown that Eu3+ got dissolved from the core particle when growing 
a shell under high temperature conditions [28]. It would be very important to get a better 
understanding of these processes to optimize the synthesis strategies, but therefore one needs 
to have access to an electron microscope with high spatial resolution or advanced X-ray 
technologies to resolve different lanthanide ions in such small dimensions and such low 
concentrations on individual particles. Nevertheless, the particles with core – multi-shell 
architectures were stable in their luminescence properties over the entire time of now up to 
three years. This indicates that at room temperature there is no intermixing between confined 
regions within the particle. But even when the total elemental composition of the particles 
always was verified by ICP-OES or ICP-MS control measurements, this is not an evidence that 
the core and the shell will be completely separated in their elemental composition. In case of a 
region with a gradient of the dopants between the core and the shell this would additionally 
reduce the brightness of the particles due to the possibility of cross-relaxations. Therefore, it 
is expected to even further enhance the luminescence by a proper adjustment of the shell 
growth conditions, e.g. by using lower temperatures or by variations in heating rates. 
Core – multi-shell particles with Nd3+ sensitization have been designed in this work to obtain 
bright particles for a NIR induced photo-switchable drug release. The inert outer shell 
significantly reduced the surface quenching of the active shell by co-sensitization with Nd3+ 
Conclusion and Future Perspectives  144 
prevents the sample heating by shifting the excitation wavelength to 808 nm, where water only 
shows a very weak absorption. The water absorption at 980 nm is accompanied by several 
problems in utilizing UCNPs. In a water matrix, the excitation power density gets reduced with 
the distance, and therefore the brightness and even the peak ratios of the individual 
upconversion emissions will not stay constant. This is a major drawback in sensor 
development, as the feature of self-referencing gets lost, but this can be overcome by 
core – multi-shell particle architecture with Nd3+ sensitization. Nevertheless, this leads to 
another challenge which need to be overcome in future: For applications in cells or in vivo, it is 
highly desired to have ultra-small particles (<10 nm), which is in contradiction to a core – shell 
approach. In the last years researchers have focused synthesizing such particles with the aim 
of a possible clearance from the body. Due to increased surface-to-volume-ratio, the efficiency 
of such small UCNPs in biologically relevant media gets extremely reduced. All sensitizer ions 
are too close to the particle surface and therefore are prone for quenching. As these processes 
have a fast decay time, they are very effective. The workgroup of Bruce E. Cohen has recently 
published an interesting concept to overcome such limitations by setting the activator 
concentrations to an unusual high level resulting in enhanced brightness of these particles. 
The Er3+ ions can adopt a second role to enhance the absorption by desaturating the Yb3+ ions 
or by directly absorbing photons. At a laser excitation of 0.1 W·cm-2 the core – shell 
(NaYbF4:80%Er@NaYF4) particles with a size of only 12 nm were used for imaging in mice 
[29]. 
Focusing on biological applications an important point is the deep tissue penetration. For the 
Nd3+-doped particles the deeper penetration depth in water at same or even higher brightness 
was confirmed by a systematic study of a set of identical sized particles but different 
architecture. This study revealed a penetration depth of 6 cm and more at which the 808 nm 
excitation gets beneficial. This can also be partly revealed in phantom tissue. But here one 
clearly can see the massive impact of scattering, which does not allow a detailed study as the 
illumination gets diffuse and therefore it gets challenging to measure the energy flux precisely. 
Up to know the community of researcher dealing with UCNPs are mostly neglecting this fact 
and still discussing the deep tissue penetration. Together with the fact that the irradiation 
power density of the NIR light needs to be lower than 4 W·cm-2 [30] to prevent tissue and cell 
damages, there is a lot of more work to do to improve the efficiency of UCNPs. From the actual 
viewpoint, for deep tissue penetration it might be better to address the second biological 
window ranging from 1,000 to 1,350 nm by investigating the Stokes emission of lanthanide-
doped nanoparticles [31]. Especially for imaging applications also the emissions can be 
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collected from deep tissue, which is not the case for green or blue emissions in UCNPs. Erbium 
for instance exhibit a Stokes emission at 1520 nm, excitable at 808 nm by Nd3+, verified on a 
first measurement with the particles described in Chapter 5 (Fig. 6.4). 
 
Figure 6.4Spectra of (Nd3+,Yb3+,Er3+)-doped UCNPs excited at 808 nm showing emissions at 980 nm for Yb3+ and 1616 nm 
(overtone of the 808 nm excitation) as well as a very weak emission at 1520 nm assigned to Er3+-Stokes emission. 
Of course, for such particles the doping ratio need to be completely redesigned, as it was 
optimized to minimize Stokes emission. It is expected that much higher intensities for the 
Stokes-emission can be achieved and therefore the requirement of a low irradiation dose can 
be fulfilled. So far, such probes are still in its infancy as there are not so much detectors for 
emissions in this region available up to now, due to high costs and due to military reasons, 
which have complicated or even prevented the commercial usage [32].  
Nevertheless, the rapidly growing interest of UCNPs in the research community promises 
interesting biological applications of upconversion nanoparticles in the near future. Recently, 
a tremendous public interest was triggered by the workgroup of Xue from China, which has 
developed ocular injectable photoreceptor-binding upconversion nanoparticles as 
miniaturized NIR light transducers to create NIR light image vision in mice increasing the 
spectral range of vision beyond 700 nm. This approach was frequently shared on social media 
and the article was also discussed in German newspaper [33]. In conclusion, there is still a large 
open field on questions for the development of bright and small UCNPs, which will be 
addressed by the vivid community to bring this class of material to novel and excited 
application in biology and clinical applications. 
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